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Abstract

Recently there has been an increased interest regarding the environmental fate of
veterinary medicines, however it is apparent that variability and knowledge gaps exist
within the literature. The presented doctoral thesis employed novel, practical, and
thorough experimental and analytical techniques to bridge these knowledge gaps but

also to contribute towards a more robust and harmonised risk assessment.

Reported veterinary medicine half-lives in animal manures are highly variable, this
indicates that current exposure assessments are inaccurate, consequently predicted soil
concentrations maybe under or overestimated. Manure properties are highly
heterogenic and the current guidance permits the use of just one manure per animal
type. Therefore, an experiment was designed to investigate whether commonly reported
pig slurry pH’s and anaerobic redox potentials are contributing towards variable
degradation rates. The results demonstrate these parameters to have a significant and
compound specific effect on degradation rates. Therefore, to conduct accurate and
realistic environmental fate assessments manure degradation studies should encompass

numerous manures with differing properties.

A semi-field experiment which evaluated the transfer of veterinary medicines under
varying application techniques was conducted where eight veterinary medicines were
identified to be transported to receiving waters. Incorporating slurries into soils and
injection were identified to substantially reduce the transport of veterinary medicines
over that of broadcast. A year-long field monitoring study was conducted to evaluate
the fate of veterinary medicines at the farm scale and validate the modelling suite
FOCUS_PEARL. Antibiotics recently utilized at the farm were detected in slurries,
soils, and groundwaters. Antibiotics were observed to persist within groundwaters
throughout the study, however, there was little compelling evidence to link this to their
presence in slurries or soils. Moreover, the modelled predictions were observed to

surpass that of the concentrations detected in groundwater.
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1.0 Literature review
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1.1 Introduction

Veterinary medicines are a group of chemical compounds used extensively for the
treatment and prevention of bacterial and parasiticidal diseases within livestock.
Administration is required for protection and improvement of animal health within
animal husbandry. Predominately these consist of antibiotics, coccidiostats,
anthelmintic, antifungal, hormones and immunological products (Capleton et al., 2006).
In addition, disinfectants are routinely used for the domestic cleaning of
rearing/housing facilities; biocides are also used for this purpose but also for veterinary
purposes. Due to the increasing global populations coupled with the increasing demand
for rich protein diets in both developed and developing countries, livestock farming has
evolved, shifting animal husbandry from extensive to intensive (Delgado, 2005;
Thronton, 2010; and Wanapat et al., 2015). This has resulted in larger intensive-feeding
operations with greater veterinary medicine requirements becoming more common

(Keyzer et al., 2005; Spielmeyer, 2018).

1.1.1 Legacy and status of veterinary pharmaceuticals within the Environment

The usage of veterinary medicines within agriculture is not a new phenomenon, and
their use results in the release of bioactive chemicals to the environment. Therefore,
increasing scientific interest has arisen regarding the fate and effect of veterinary
medicines within ecosystems. Improved analytical techniques and sensitivity have
made this possible via providing a capable means to quantify concentrations to parts
per billion (ppb) and even parts per trillion (ppt) (Ptrovi¢ et al., 2003). Contaminants
arising from agriculture have been topical for some time, for example Rachel Carson’s
book Silent Spring which was published in 1962 highlighted the influence of pesticide
usage on bird populations, the book specifically targeted DDT
(Dichlorodiphenyltrichloroethane) as well as other organochlorines and
organophosphates (Carson, 1962). The publication of this book is thought to of brought
insight towards environmental issues and processes such as, bioaccumulation,
resistances towards pesticides and persistence of these synthetic organic compounds in
the environment. This publication is thought to have driven changes within agricultural

policy as well as igniting the environmental risk assessments we see today.
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Some pharmaceuticals arising from veterinary usage are now considered as emerging
contaminants, some of these include, antibiotics, anti-inflammatories, pesticides,
cosmetics, care products and analgesics (Kiimmerer, 2009; Rivera-Utrilla et al., 2012).
There are now >700 emerging contaminants and metabolites, in order to achieve good
environmental standards, it is critical to have a comprehensive understanding of their
fate and toxicity in the environment (Geiseen et al., 2015; NORMAN, 2016). Of these
contaminants antibiotics and hormones are considered to have the greatest risk towards
society (Doughton and Ternes, 1999), their environmental presence is well known to
result in, irreversible antimicrobial resistance, endocrine disruption, bioaccumulation
as well as non-target effects towards terrestrial and aquatic organisms (Aris et al., 2014;
Richter et al., 2016; Singh et al., 2019; Zhang et al., 2020). Some of these chemicals
are now on the Water Framework Directive watchlist (2000/60/EC), as a result of their
toxicological effect, risks, or persistence within the environment. Some of these
include, erythromycin, clarithromycin, azithromycin (macrolides), amoxicillin and
ciprofloxacin, neonicotinoids, metaflumizone, ethinylestradiol and Methiocarb

(European Commission, 2018).

Research has linked the presence of veterinary medicines within the environment to a
series of negative ecological effects. For example, the administration of diclofenac to
ruminants in Pakistan has resulted in <95% decline in the Oriental White-Blacked
Vulture population. Decaying deceased ruminants are often eaten by scavenging birds
in these regions, resulting in a bio-accumulative transfer from the animal fats and
tissues to the vulture ultimately resulting in visceral grout (Oaks et al., 2014).
Meanwhile, the usage of organophosphates as pour on dips for sheep was banned within
the EU in 1992; these compounds were reported to have resulted in a number of surface
water and pollution events such as deterioration of the salmon populations within the
River Tweed and Biggar Water (1978 and 1980) (Hooda et al., 2000; Virtue and
Clayton, 1997). Famphur was commonly used to treat warbles on cattle but has now
been identified to decrease the Pica Pica, Buteo Jamaicensis and Haliaeetus

populations via bioaccumulation and biomagnification (Henry et al., 1985; Franson et
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al., 1985). These examples highlight the requirement for a thorough environmental risk

assessment on synthetic agricultural substances.

This chapter presents a review on the occurrence, fate, and effects of veterinary
medicines within the environment with specific attention towards antibiotics, the
environmental risk assessment and common agricultural management practices which

influence environmental fate.
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1.2 Usage excretion and occurrence of veterinary antibiotics

As a consequence of intensification, animals are now being reared in poor housing
conditions and veterinary medicines are now routinely administered for protective and
therapeutic purposes. Animal manures containing bioactive pharmaceuticals are
applied to land as a form of organic fertilizer but also as a means of waste disposal
which presents a pathway for veterinary medicines to enter the environment (Thiele-

Bruhn 2003; Carvalho and Santos, 2016; Xu et al., 2021).

Veterinary medicines within the environment could be considered somewhat
ubiquitous with a range of concentrations being detected (ng/kg to mg/kg) within
various environmental matrices such as manures, soils, sediments, surface water and
groundwater (Halling-Sorensen et al., 1998; Holten Lutzhoft, 2000; and aus der Beek
et al., 2016). The extent of veterinary medicine exposure differs regionally due to
differences within animal husbandry, policies and veterinary practices (Ghitadini et al.,
2020). The following sections within this chapter are going to discuss current veterinary
antibiotic usage, excretion rates and veterinary medicine occurrence within the

environment.

1.2.1 Veterinary antibiotic usage

Veterinary medicine usage within agriculture consists of therapeutic, prophylactic and
for the promotion of livestock growth (subtherapeutic) (Subbiah et al., 2011). Growth
promotion is considered using synthetic or essential metals and minerals to increase the
overall body weight of the animal. Antibiotics are known to be used to promote animal
growth, in some circumstances body weight can be increased by up to 16.4% (Sarmah
et al., 2006; Dibner and Richards. 2004). Certain antibiotics can be used to alter the
gastric intestinal micro-flora which reduces nutrient losses during microbial
fermentation (Gaskins et al., 2002). Due to the increased risk of antimicrobial resistance

the use of antibiotics for sub therapeutic purposes was banned in 2006 throughout all

23



=24 -

EU member states under directive 70/524/EEC, and regulation 1831/2003/EC (EC,
2003).

Within the UK 262 tonnes of antibiotics were sold in 2020 for veterinary purposes, this
equates to 37 mg/kg of active ingredient used per use in food-producing animal species
(Veterinary Medicines Directorate, 2020). As presented by Arikan et al., (2009),
antibiotic use was much greater in 1999 prior to the ban on sub therapeutic usage, there
was a total of 5000 tons of antibiotics sold, of which 70% was for sub-therapeutic
purposes (Fig.1). The European Medicine Agency has implemented a plan known as
the ‘One Health Action Plan’, which was implemented to recognize and harmonise
human health, animal health and the environment with regards to antibiotic usage. This
is in order to reduce the risk of antimicrobial resistance which would render veterinary
antibiotics ineffective (European Commission, 2017). Moreover, the RONAFA opinion
was established in 2017, this specifically focussed on animal husbandry within the EU
with regards to the usage of antimicrobials (EMA, 2017).

Whilst antibiotic usage within the UK and some of the EU member states is decreasing
(Fig.1), the importing of meat is becoming more frequent especially within the UK
(Poppy et al., 2019). This presents a concern as imports may originate from regions
with fewer policies controlling the use of antimicrobials in animal husbandry. Whilst
the current status in the UK is improving this is not the case for USA, Korea, China,
Africa, Brazil, Russia, India, and New Zealand, where sub-therapeutic antibiotic use
still occurs. For example, global usage is expected to exhibit a 67% increase in sales

from 2010 to 2030 (Van Boeckel et al., 2015).

As a result of poor housing standards in swine and broiler facilities, 52% of antibiotic
sales in 2018 sales were in these sectors (Kim et al., 2011; Lhermie et al., 2018).
Moreover, administration and usage are driven by the compound’s pharma-kinetics,
target disease/infection (interspecies complexity), animal product (i.e., dairy requires
antibiotics that do not bioaccumulate or transfer into milk easily), and growth stage
requirements (gestation and farrowing periods in pigs) (De Briyne et al., 2014;

Filippitzi et al., 2014; Carlvalho and Santas, 2016; Lekagul et al., 2019). For example,
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pigs have high application rates of sulphonamide which are often used synergistically
with trimethoprim (16%) in their early growth stages, whereas this ranges between 7-

10% for poultry and cows (UK VARSS, 2017).
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Figure 1.0: Antibiotic sales within the UK from 1993-2020, data from 1993 to 2004
was obtained from ESVAC, whilst data from 2004-2017 and 2017 to 2020
was taken from VARS (UK VARSS, 2017; and UK-VARSS 2021).

Active ingredient (tonnes)

1.2.2 Veterinary medicine excretion rates

Veterinary medicines are poorly absorbed within the gastrointestinal tract of the animal
which often leads to large percentages of the active being excreted. The extent of which
is typically governed by the compound’s pharmacokinetics and pharmacodynamic
processes (Table 1.0) (Thiele-bruhn, 2003; Sukul et al., 2009). Pharmaceuticals which
are low in polarity or hydrophobic are generally found to have higher excretion rates.
For example, enrofloxacin and lincomycin have differing octanol-water coefficient
values (Log Kow measure of hydrophobicity) of 4.7 and 0.56 respectively and their
excretion rates are 11.65% and 32% (Zhou et al., 2008; Kutcha and Cesna, 2009)
(Table.1). Moreover, tetracyclines are highly polar and all exhibit low excretion rates
whereas erythromycin, trimethoprim and metronidazole contain soluble lipids which

results in higher excretion rates (Kumar et al., 2005). Other properties such as solubility
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govern pharmacokinetic processes, for example most antibiotics are expected to be

deposited via urine due to their high aqueous solubility (Halling-Serensen, 2001).

Within the gastrointestinal tract both phase I and II metabolites have the potential to
form due to metabolism processes. For example, the administration of difloxacin and
sulfadiazine have been identified to transform into sarfloxacin, IS"'*C"’N-difloxacin,
N-acetylsulfadiazine and 4-hydroxy-SAZ via metabolism (Lamshéft et al., 2010). The
metabolic transformation of parent compounds is often excluded within laboratory
studies via dosing directly into animal manures, it could be argued that this is unrealistic
of environmental processes as it overlooks the ability for enzymatic and oxidative
processes forming Phase I metabolites as well as conjugate formation in phase II (Sukul
et al., 2009). Therefore, the environmental fate and toxicity of such metabolites is often
overlooked or unknown, for example acetylated, glucuronide conjugation, and aromatic
hydroxylation metabolites (N! and N*) are a common but work seldom explores their
toxicity and fate (Garcia-Galan et al., 2012). Metabolism studies are generally
infrequent within the risk assessment due to their efficacy and requirement, but when
they are conducted should metabolite equate to 5-10% of the administered dose it can

be subtracted from the total excreted (Slana and Dolenc, 2013).

Table 1.0: Collated literature regarding veterinary medicine excretion rates in
differing animals.

Compound Animal Percentage Reference

species excreted
Chlortetracycline Bull 75% Elmund et al., (1971)
Monensin Deer 75% Herberg et al., (1978)
Enrofloxacin Pigs 7.9% (faeces) Zhou et al., (2008)

and 3.75% (urine)

Ivermectin Rat, sheep and 1.51-62% Chiu et al., (1990)

cattle
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Oxytetracycline Young bull 17-75% Montforts, (1999)

Sheep 21%

Pigs 75% (urine) Xia et al., (1983)

Pigs 72% Winckler and Grafe, (2001)
Tetracycline Cattle 80-90% Kiihne et al., (2000)

Pigs 42-72% Wincler and Grafe, (2001)
Tylosin Pigs 20-35% Feinman and Matheson,

(1978)

Sheep 1% Ishikawa et al,. (2018)
Streptomycin Weanling pigs 3% Kutch and Cessna (2009)
Virginiamycin Pigs 31% Feinman and Matheson,

(1978)
Sulphamethoxine 15% Hirsch et al., (1999)
Sulfachloropyridazine  Pigs 62% Qiu et al., (2016)
Sulfadimoxine Pigs 38% Qiu et al., (2016)
Sulfamerazine Pigs 43% Qiu et al., (2016)
Sulfaquinoxaline Pigs 79% Qiu et al., (2016)
Sulfadiazine Pigs 95% (44% as Lamshoft et al., (2007)
parent)

Amoxicillin Layer hen 55.82-67.88% Peng et al., (2016)
Lincomycin Weanling pigs  32% Kutchta and Cessna (2009)
Ciprofloxacin Layer hen 44.87-51.85% Peng et al., (2016)

Pigs 22.51% Zhou et al., (2008)
Doxycline Layer hen 82.67-75.72% Peng et al., (2016)

1.2.3 The occurrence of veterinary medicines in animal manures

As a result of high excretion rates veterinary medicines are frequently detected in

manures with concentrations ranging from ng/kg to mg/kg (Table 1.1). Martinez-
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Carballo et al., (2007) reported chlortetracycline concentrations as high as 46 mg/kg in
liquid slurries. Moreover, similar detections of enrofloxacin and sulfadimidine have
been reported (Hoper et al., 2002; Christian et al., 2005). As a result of differences in
veterinary practices concentrations generally differ regionally, for example in China the
average oxytetracycline and ciprofloxacin concentrations that were detected in eight
provinces were 59.06 mg/kg and 33.98 mg/kg (Zhao et al., 2010). Whilst Berendsen et
al., (2015) conducted a similar survey on 20 pig farms in Germany and reported a
median concentration of oxytetracycline to be 21 pg/kg. Other reasons for differences
in the reported concentrations of veterinary medicines within manures include,
differences in sampling times, storage mechanisms (compost or slurry lagoon), and
factors effecting chemical degradation (temperature, moisture, and microbial diversity)

(Wohde et al., 2016).

Table 1.1: The occurrence and concentration of veterinary medicines in animal
manures or slurries.

Veterinary medicine Location Animal- Detection Reference
farm
Chlortetracycline 2.7 mg/kg Kummerer 2008
Australia Liquid 46 mg/kg Martinez-Carballo
manure et al., (2007)
Enrofloxacin Germany Pig 8.3 mg/kg Sattelberger et al.,
(2005)
Enrofloxacin Germany Poultry 0.040 mg/kg Weiss et al,
(2007)
Flubendazole Germany Poultry 0.010 - 0.056 Weiss et al,
(anthelmintic) mg/kg (2007)
Oxytetracycline 19 mg/kg Kummerer 2008
Australia Liquid 29 mg/kg Martinez-Carballo
manure et al., (2007)
Sulfachloropyridazine UK - Osgathope Pig farm 0.0006 mg/kg Blackwell et al.,
Leicestershire (2004)
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Sulfachloropyridazine Germany Pig farm 20 mg/kg Hoéper et al,
(2002)
Sulfadimidine Switzerland 0.012 mg/kg Burkhardt and
Stamm (2007)
Sulfagidine Jiangsu China Pig 7.1 mg/kg Chen et al., (2008)
manure,
178
samples
Sulfamethoxypyridazine Germany  lower 0.20 mg/kg Hoéper et al,
Saxony (2002)
Tetracycline 66 mg/kg Kummerer, (2008)
Tiamulin 0.040 mg/kg Schliisener et al.,
(2003)
Toltrazuril Denmark 0.114 mg/kg Olsenetal., (2012)
Tylosin Germany Bovaria 0.320 mg/kg Weiss et al,
(2007)

1.2.4 The occurrence of veterinary medicines in soils

Manure applications to land acts as a source of veterinary medicines into soils. As a
result numerous veterinary medicines have been detected within arable soils (Table 1.2)
(Du and Liu, 2012). The concentrations of veterinary medicines are comparatively
lower than that of animal manures with concentrations generally ranging from ng/kg to
pg/kg, but in some circumstances concentrations of mg/kg have been identified (Table
1.2). The lower concentrations in soils are to be expected due to dissipation during
storage (see section 5.1), adsorption to soil particulates (see section 5.3), and
incorporation (De Liguoro et al., 2003; Grote et al., 2007). The occurrence of veterinary
medicines within soils is well known and therefore specific interest regarding their fate
upon exposure is of a commonplace within research (Thiele-Bruhn, 2003; Grenni et al.,
2018; Conde-Cid et al., 2020). Their fate in soils is dependent on their physical-
chemical properties (Boxall et al., 2010) and properties of the soil such as organic

matter content, pH, and moisture (Chatterjee et al., 2013; Thiele-Bruhn, 2013).
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Following application to land, some veterinary medicines can be transported to

receiving waters via surface water runoff and leachate whilst others remain persistent

in the soils and can be taken up by plants (Kay et al., 2005; Tasho et al., 2016; Joy et
al, 2013; Blackwell et al., 2009, Popova et al., 2014, Aga et al., 2016, and Pan and Chu,

2017a).

Table 1.2: Occurrence and concentrations of veterinary medicines found in soils.

Chemical Location Animal/farm Detection Reference
Chlortetracycline Germany 3-39 ng/kg Hamscher et al.,
Denmark 20-30 pg/kg (2005)
Halling-
Serensen et al.,
(2005)
Enrofloxacin Brazil 22.93 pg/kg Leal et al,
(2012)
Ivermectin Canada 0.0960 pg/kg Metcalfe et al.,

Oxolinic acid

Sulfachoropyridazine

Sulfadimethoxine

Sulfadimethoxine

Sulfadimidine
Sulfadimidine

Sulfamethazine

Sulfamethazine

France- Paris

Turkey

USA Dairy farms

Germany

Switzerland
Germany

Germany

Korea Swine facility

5.9 nug/kg

0.12 mg/kg

457 pg/kg

1 pg/kg

130 pg/kg
16800 pug/kg

11 pg/kg

1.1 pg/kg

(2008)

Tamtam et al.,

(2011)

Karci &
Balcioglu (2009)

Watanbe et al.,
(2010)

Hamscher et al.,

(2004)
Burkardt, (2007)
Christian, (2005)

Hamscher et al.,

(2004)

Awad et al.,
(2014)
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Toltrazuril (antiparasitics) Denmark 0.000335 Olsen et al,
png/kg (2012)

Tetracycline Germany 295 ng/kg Hamscher et al.,
(2005)

Tiamulin Germany 0.7 ng/kg Hamscher et al.,
(2004)

Tylosin Denmark 57.4 ng/kg Jacobsen et al.,
(2004)

Tylosin Malaysia 678.9 ng/kg Ho et al., (2012)

1.2.5 The occurrence of veterinary medicines in waters

The transport of veterinary medicines from manured soils following a rainfall event is
well known (Kay et al., 2005; Burkhardt et al., 2005; Blackwell et al., 2007; Knébel et
al., 2018; Spielmeyer et al., 2017; Kreuzig et al., 2005; Dolliver and Gupta, 2007;
Popova et al., 2013; Blackwell et al., 2009). Generally, this phenomenon is exacerbated
when a rainfall event occurs close to the timing of application. The transport of
veterinary medicines is enhanced via the presence of manures through elevated, pH
(ionized state) concentration and moisture but as well as through colloidal facilitated
transport (Pan and Chu, 2017b; Blackwell et al., 2009; Kim et al., 2010). Veterinary
medicine transport is compound specific and related to their dissociation constant
(Kow), adsorption coefficients Kq, Koc and Ky (affinity for soil, the concentration within
soil-water phases) and aqueous solubility. Generally, the concentrations of veterinary
medicines detected within surface and groundwaters is low at ng/L to ug/L (Table 1.3
and 1.4), however, their presence still have effects towards non-target organisms as well
as the potential formation of antimicrobial resistance (Zou et al., 2021; Kolar and
Finizio, 2017; Andrade et al., 2020). Interestingly longer-term leaching has been
documented due to the persistence and desorption of some veterinary medicines in soils,
for example, Spielmeyer et al., (2017) demonstrated the tendency for sulfamethazine to
leach for up to tfour years at a field site in Lower Saxony (92 to 24 ng/L). Currently
there is no responsibility for detecting veterinary medicines within surface and

groundwater bodies within the EU/UK, however, the critical value for pesticides and
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biocides which is often accepted as the quality standard for veterinary medicines is 0.1

ug/L (Hamscher et al., 2005). There is now compelling evidence that this value is not

conservative and will not protect the complex and sensitive groundwater ecosystems

(Finizio, 2017). This highlights the requirement for the risk assessment and future

research to focus on the effects that lower concentrations may have towards these

lesser-known species/taxa.

Table 1.3: Collated literature regarding the occurrence and concentrations of
veterinary medicines detected in surface water.

Chemical Location Water source Detection Reference
Chlorfenviphos United 0.355-30.8  Boxall et al., (2004)
patristic) Kingdom png/L
Unspecific
Ciprofloxacin Chin Kiangsu River and pond 5.93 and Wei et al., (2012)
2.10 pg/L
Diclofenac UK Estuary 250.8 ng/L  Letsinger et al., 2019
Germany River 1030 ng/L Heberer, (2002)
Difloxacin China Yellow sea 20.65ng/L  Na,etal., (2011)
Emamectin United Surface water 1.06 ng/L Boxall et al., (2004)
Kingdom
Enrofloxacin Ireland River Tullow 97.8 ng/L Frenech et al., (2013),
India Lake 35 ng/L Fick et al., (2009)
Fenchlorphos United Surface water 0.777ug/L  Boxal et al., (2004)
(antiparasitic) Kingdom
Florfenicol Florfenicol China Kiangsu 2.4-2.84 Wei et al., (2012)
ng/L
Flubendazole Belgium 0.4-20.2 Van de Steene et al., (2010)
(anthelmintic) ng/L
Flumethrin United 2.19 pg/L Boxall et al., (2004)
Kingdom
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Marbofloxacin

Meclofenamic acid

Monensin

Orbfloxacin
Oxolnic acid

Propetamphos

Spiramycin

Sulfachloropyridazine

Sulfadimethoxine
Sulfadimidine

Sulfamethazine

Sulfamethoxypyridazin

(&

Sulfapyridine

United
Kingdom

China

Spain
China

Canada

Canada

China
France

United
Kingdom

Italy

Spain

Canada

Luxemburg
Germany
Canada

Spain

Germany

Spain

United
Kingdom
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Beijing,
River

Onyar River

Yellow sea

Ontario

rivers/lakes
Yellow sea

Seine River

Mess river

Bavaria

River Ebro

Barcelona

Llobregat River

Ely River

Shahe

0.8 pg/L

8-10 ng/L

6 ng/L
22.29 ng/L

0.1150
pg/L

810 ng/L

2.69 ng/L
23 ng/L

1.2-19200
ng/L

0.742 pg/L

0.0037
pg/L

0.02 pg/L
3 pg/L
0.044 pg/L
680 ng/L

0.4080
pg/L

0.0414
pg/L

0.18 ng/L

3704 ng/L

142 ng/L

Boxall et al., (2006)

Shao et al., (2009)

Zrnci¢ et al., (2014)
Na, et al., (2011)

Sadezky et al., (2008)

Kleywegt et al., (2011)

Na, et al., (2011)
Tamtam et al., (2011)

Boxall et al., (2004)

Calamari et al., (2003)

Gros et al., (2010)

Sadezky et al., (2008)
Pei et al., (2006)
Krein et al., (2013)
Weiss et al., (2007)

Sadesky et al., (2008)

Gros et al., (2010)

Hamscher et al., (2005)

Diaz-Cruz et al., (2008)

Kasprzyk-Hordern et
(2008)
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Sulfaquinoxaline
Thiabendazole

Tilmicosin

Tylosin

Japan
USA

Spain

USA
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Wood River

Ebro River

Lake

8.9 ng/L
20.5 ng/L

87.5-227
ng/L

4.3 ng/L

Chang et al., (2008)
Bartelt-Hunt et al., (2011)

Lopez-Serna et al., (2011)

Wang et al., (2011)

Table 1.4: Collated literature regarding the occurrence and concentrations of
veterinary medicines detected in groundwater.

Chemical Location Water source Detection Reference
Chloramphenicol China Shunyi, Changping, 152.3-441.9 ng/LL Lietal., (2018)
Jingjing, GW wells
and boreholes swine
feedlots
Chlortetracycline China Shunyi, Changping, 27.5-664 pg/L Lietal., (2018)
Ninghe, and
Guangyang, GW
wells and boreholes
Chlortenvinphos United Groundwater 0.02-0.07 png/L Boxall et al., (2004)
(antiparasitic) Kingdom
Ciprofloxacin China GW Dboreholes and 26.7-261.9 ug/LL  Lietal., (2018)
wells near pig
facilities
Spain 90 ng/L Boy-Roura et al,
(2018)
Danofloxacin Spain 70 ng/L Boy-Roura et al,
(2018)
Enrofloxacin USA New Jersey 0.02-0.01 pg/L, Alvarez et al., (2005)
China Beijing provinces 0.26-44.5 png/L Lietal., (2018)
Flubendazole Germany 0.0150 pg/L Weiss et al., (2007)
Flumequine Spain Catolnia 10 ng/L Boy-Roura et al,
(2018)
Monensin USA Nebraska 0.020-2350 ng/LL  Bartelt-Hunt et al.,

(2011)
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Norfloxacin

Ofloxacin

Oxolinic acid

Oxytetracycline

Prpetamphos
Sulfadimethoxine

Sulfadimidine

Sulfamethazine

Sulfathiazole

Thiabendazole

Tiamulin

Tylosin

China

Spain

Spain

China

UK
USA

Germany

Germany
USA
China

China

USA

USA

Germany

USA
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Shunyi, Changping

Daxing, Ninghe and
Xiqing

Catolnia

Catolnia

Changping, Daxing,
Ninghe, Xiqing and
Anping, GW wells
and boreholes (swine

feedlots)

San Joaquin River

Bavaria

Beijing province

Shunyi, Xiqing, and
Ninghe

Nebraska

Nebraska, Beef and

swine facilities

Assunpink Greek

35-389.2 pg/L

2-3 ng/L

25 ng/L

30-993.8 pg/L

0.4890 pg/L
0.068 pg/L

4 ng/L

0.16 pg/L

0.24 pg/L

0.01 pg/L
30.6-3494.1 ng/L

2.7-9.7 ng/L

11 ng/L

133 ng/L

0.029-0.133 ng/L

0.42 pg/L

0.020 pg/L

Lietal, (2018)

Boy-Roura et al,
(2018)

Boy-Roura et al,
(2018)

Lietal, (2018)

Boxall et al., (2004)
Sadezky et al., (2008)
Weiss et al., (2007)
Hirsch et al., (1999)
Hamscher et al., (2005)
Alvarez et al., (2005)
Lietal., (2018)

Lietal., (2018)

Alvarez et al., (2005)

Bartelt-Hunt et al.,
(2011)

Bartelt-Hunt et al.,
(2011)

Boxall et al., (2004)

Alvarez et al., (2005)
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1.3 Agricultural management

1.3.1 Manure management and agricultural practices
Manure management practices will ultimately govern the fate of veterinary medicines in
the environment, and therefore it is critical to understand these in order to form a
comprehensive fate assessment. The use of animal manures as an organic fertilizer and
as a form of waste disposal is not a new phenomenon and can be dated back 8,000 years
within Europe (Potter et al., 2010; Defra, 2010; Bogaard et al., 2013). Their use is known
to improve soil health through increasing or improving the cycling of, organic matter,
carbon, nutrients (phosphorus and nitrate), microbial populations, salts and essential
metals (i.e., copper and zinc) (Bulluck et al., 2002; Bulluck, 2010; Lee, 2010; Martinez
et al., 2019). Increased microbial populations have been reported to improve the cycling

of nutrients, bulk densities of soils and cation exchange capacity (Bulluck et al., 2002).

Concern of excess nutrient and metal contamination has been known for some time,
nitrogen, phosphorus and metal contamination are ubiquitous surrounding arable
farming. The implications of which are the formation of eutrophicated waters and dead
hypoxic zones (Kumar et al., 2013; Smith et al., 2001). For example, agricultural runoff
which is rich in nutrients has caused the formation of the “dead zone” within the Gulf of
Mexico (Esler and Bennett, 2011). Moreover, Nicholson et al., (1999) quantified metals
present in swine manures within the UK, the authors reported concentrations ranging
from 1.68 to 500 mg/kg for Cu, Zn and As. Hereby presenting the global issue of
contaminants present within animal manures and their potential to accumulate within
agricultural soils (Ogiyama et al., 2005). Directives were established to reduce the
environmental burden of agricultural practices these were, the Nitrate Directive (91/676,
EEC 2000/60/EC), the Water Framework Directive (WFD 2000/60/EC) and EQS for
metals (EC, 2001).

To reduce the environmental burden of nutrient contamination the nitrate directive set out
restrictions on the timings of manure applications as well as the quantities (EC, 2001).

The permissible application rate was 170 kg/N/ha and 250 kg/N/ha for arable soils and
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pastures respectively (Defra, 2010). During colder periods the ground becomes saturated
or frozen, therefore closed application periods were devised these were from the 1%
August to 31% December for sandy soils, and from the 1% of October to the 31 January
for all other soil types (see SI Table A1) (Komiskey et al., 2011 and Klausner et al., 1976).
Moreover, a nitrogen risk map of the EU was devised to highlight nitrogen vulnerable
zones (NVZs), this set out further restrictions in regions of high risk (EA, 2017; Defra,
2011). The closed period for NVZs within the UK starts from the 1% of September or 15%
October to the 15" of January or 31% December, (Defra, 2013).

In 1992 the Rural Development Programme was established in conjunction with the
Common Agricultural Policy (1992) (Science for Environment Policy, 2017). Within this
was the establishment of riparian buffer zones to reduce the quantities of agricultural
contaminants reaching water sources via surface water runoff. These buffer zones
typically contain vegetation which effectively reduce the load of nutrients, metals,
pesticides and herbicides reaching surface waters (Muscutt et al., 1993; Raymond et al.,
2002; Lin et al., 2010; Chu et al., 2013). They also pose a large service to the ecosystem
in that they promote species diversity and abundance (McCracken et al., 2012 and Benton
et al., 2003). Their implementation has helped but ultimately not prevented the

occurrence of agricultural contaminants within surface waters.

Advanced manure application techniques are now routinely used within the EU, in doing
so nutrients losses from volatilization, runoff, and leaching are reduced (Webb et al.,
2010; Xu et al., 2021; and Xu et al., 2020). This process is beneficial for farmers to
improve soil health and crop yields, but also on an environmental perspective in
minimizing the effects that directives 91/676/EEC and 2001/81/EC were set out to
minimize (Maguire et al., 2011; Webb et al., 2010; and Powell et al., 2011). Moreover,
improved nutrient retentions in soils reduces the requirement of synthetic fertilizers
which are expensive due to rapidly depleting sources (Xu et al., 2021; and Xu et al.,
2020). For example, Rotz et al., (2011) demonstrated the capability for injection methods
to reduce nitrogen and phosphorus losses by 48% and 70% respectively. However, due

to efficiency, suitability and cost, conventional broadcasting is still the most popular
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application method in arable farming (Webb et al., 2010; Smith, 2001; Rotz et al., 2011;
Hujimans et al., 2001).
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1.4 The environmental risk assessment for veterinary
medicines and regulatory framework

Within the EU, America, Australasia and Japan the risk assessment for veterinary
medicines in the environment was implemented under directives 2004/28/EC
(previously known as 2001/82/EC), EC/726/2004, and 92/18/EEC (VICH, 2000;
VICH, 2003). Members of the Veterinary International Conference on Harmonization
(VICH) are the EU, UK, Japan and the US, the principal parties of which are comprised
of the European Commission and European Medicines Agency (EMA), US Food and
Drug Administration, Japanese Ministry of Agriculture and the Forestry and Fisheries
(MAFF). The requirement for a detailed environmental risk assessment for veterinary
medicines only includes pharmaceuticals that are attempting to be sold on the market
after 1995, hitherto this authorisation was only conducted at national level (Fabrega and
Carapeto, 2020 MAFF, 1998). From 1995-2005 risk assessments were based on the
applicant’s judgement. However, Regulators, environmental agencies and stakeholders
are now sceptical of this regulatory work and are now calling for identified risks to be
further assessed for environmental efficacy, this is set to be implemented by 2022 under

(EU) 2019/6 (Fabrega and Carapeto, 2020).

The environmental risk assessment is comprised of two phases. Phase I encompasses
comparisons between the initial Predicted Environmental Concentration (PEC) and
terrestrial/aquatic effect data. During this phase the risk assessment considers a total
residue approach where the total administered dose to the herd is excreted and applied
to land. To generate a PEC (manure, soil, surface water and groundwater) details of
administration dose and duration are inputted into the Spaepen, (1997) model, the
details of which are provided within the Summary of Product Characteristics (SPC).
Should the calculated PEC adhere to the threshold value of <100 pg/kg in soils, the risk

assessment stops on the basis that the environmental exposure would be negligible (‘no
exposure = no risk’), should this value be exceeded a phase II risk assessment is

required.
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Phase II entails a two-tier system (A and B), tier A generally considers the
ecotoxicological effects of the veterinary product towards non-target organisms
(Montforts, 1999; VICH 2003). Typically, these are organisms that are likely to be
present in the terrestrial and aquatic ecosystems, some of which include plants,
earthworms, dung fly’s, algae, cyanobacteria as well as aquatic invertebrates such as
Daphnids and fish. The initial PEC values are compared to terrestrial and aquatic effect
endpoints to generate a Risk Quotient (RQ), should the RQ be <1 no further assessments
are required. Within tier A there is the option to refine the soil, surface water and
groundwaters PECs based on environmental fate data such as, metabolism, degradation
during manure storage, soil degradation and adsorption (EMA, 2011; OECD 2000;
OECD, 2002). The refined PEC is then compared again to ecotoxicological effect data
to assess the risk considering these environmental processes which may influence the

concentrations in the environment.

Refinement using manure degradation data can be conducted in the following equations
(1a and 1b). These assessments are the most influential within the refinement process
given the biodegradability of veterinary medicines. Manure degradation assessments
are generally utilized to better assess the concentration that would be applied to land
following manure storage. Veterinary medicines are organic compounds and are
susceptible to degradation processes such as microbial mineralization,
photolysis/hydrolysis, and the formation of bound residues (EMA, 2011; Lamshoft et
al., 2010; EMA, 2016; Teeter and Meyerhoff, 2003; Loke et al., 2000; Kiihne et al.,
2000 and Kolz et al., 2005). One noticeable flaw in manure degradation assessments is
that anaerobic digesters, manure composting and manure processing are not considered
within the risk assessment (Selvam and Wong, 2017). Soil degradation and adsorption
studies are generally utilized to better predict the exposure of veterinary medicines to
aquatic compartments. These are done in accordance with OECD, (2000) and OECD,
(2002) which require the assessment to be conducted on a range of soil types with
differing properties and textures (OECD, 2002). Sophisticated modelling suites
(FOCUS: PEARL and SWASH) which utilize the derived adsorption and soil

degradation data are used to refine the PEC surface water and PEC groundwater better estimate
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the concentrations likely to be exposed to surface and groundwaters (FOCUS, 2021;
and 2015). Should the RQ value still be > 1, then metabolism and excretion data are
used to refine the PEC further (equation 2). Here the percentage of active present within
the manure is then used, the available guidance documents are VICH, (2016), EFSA,
(2017) and VICH, (20009).

- ln(z)x(%b)

Equation la: Mt = Mi x e(———

Mtx170
1500x10000X0.05XNs

Equation 1b: PEC soil refined =

Equation 2: PEC soil refined - met = PEC soi initial X Fa

Where: Mt = mass of active in manure/slurry after the mean storage time (mg), Mi = Mass of
active in manure/slurry (mg), Tst = length of time manure is stored (days), DTso = half-life of
active in manure (days), 170 = EU nitrogen spreading limit, 1500 = bulk density of dry soil
(kg/m3), 10,000 = area of 1 hectare (m2/ha), Ns = nitrogen produced during storage time (kg/N),

Fa = fraction of the dose considered to be active.

Should the RQ still be > 1 post refinement, the ERA moves to Phase II tier B where the
additional studies are used to derive the partition coefficient, bioaccumulation factor
and additional taxonomic ecotoxicological effects are used to assess the risk. If the log
Kow was found to be >4 then a bioconcentration is conducted on fish, for which if the
BCF exceeds the threshold (BCF > 1000), or effect is greater than 25% for microbial
populations then reconsideration of the chemical compound is suggested. Furthermore,
the EQS for pesticides and biocidal compounds in surface water and Groundwater is
0.1 pg/L irrespective of chemical classification (biocidal/pesticidal/veterinary
pharmaceuticals), or their properties and environmental effect (2000/60/EG;
2006/118/EC; Montforts et al., 2003).
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1.5 The environmental fate of veterinary medicines

1.5.1 Veterinary antibiotic degradation

During the on-farm storage of animal manures veterinary medicines maybe susceptible
to various degradation processes, similarly their exposure to soils also results in
degradation processes (Table 1.5 and 1.6). Such processes might include microbial
mineralization, adsorption and hydrolytic transformation (Berendsen et al., 2018;
Lamshoft et al., 2010; Mitchel et al., 2015; Junker et al., 2016). Animal manures are
highly microbially active and during anaerobic storage these microbes will use organic
compounds as a carbon source and mineralize them into CO> (Junker et al., 2020;
Lamshoft et al., 2010). The remaining percentage of veterinary medicines and their
transformation products are then transferred to soils via the application of manure to
land (Kreuzig and Hoéltge, 2005; Kemper, 2008; Huer et al., 2008). These compounds
are then susceptible to soil degradation processes which primarily consists of
adsorption but also includes microbial mineralization and to a lesser extent hydrolysis
(Table 1.5) (Tolls, 2001; Thiele-Bruhn, 2003). Although regulatory risk assessments
for veterinary medicines are confidential and are not available to the public, a wealth
of academic/scientific interest has resulted in an understanding of their fate within the

environment.

Given that veterinary medicine degradation is a large aspect within the presented thesis
it is sensible to explain some context into the terminologies. Firstly degradation of a
compound refers to its removal over time within an environmental matrix, this can
occur via microbial mineralization which is the process where microbes feed of the
compound as a carbon source or hydrolysis which is predominantly the reaction of a
compound with water which can alter the compounds structure (Junker et al., 2016).
Dissipation is often referred to within the literature, this term relates to the removal of
a compound via unknown processes which can include adsorption, microbial

mineralization and hydrolysis (Blackwell et al., 2007).
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The rate of which veterinary medicines are degraded is compound specific and related
to their physical-chemical properties and chemical structure. For example, antibiotics
belonging to the penicillin group are readily degradable in manures and soils. They
contain a beta lactam ring which is known to be susceptible to cleavage via hydrolytic
action and microbial transformation (Li et al., 2011; Mitchell et al., 2014). Whereas
tetracyclines are generally considered moderately persistent within pig slurries and soils
(DTso/half-life =55 — 127 d), this is a consequence of their strong chemical structure
and affinity for organic matter or carbon which renders the antibiotics non-bioavailable
(Berendsen, 2018; Bansal, 2012; Ling-ling. 2010). There are 18 sulphonamides which
are considered as relatively mobile and moderately persistent in both pig slurries and
soils with DTso values ranging from 0.7 to 22 d and 2.1 to 14 d respectively (Berendsen
et al., 2018; Salvia et al., 2014). Macrolide antibiotics are characteristic of a complex
but weak chemical structure which is susceptible to microbial transformation and
adsorption, they are generally considered nonpersistent (Yuan et al., 2022). However,
there has been varied reports of persistence in the environment for example, in liquid
manures tylosin, roxithromycin and erthryomycin have reported DTso values of 12 h,
41 d and 120 d respectively (Kolz et al., 2005; Schliisener et al., 2006a). Interestingly
the DTso for erthryomycin and roxithromycin in soils is considerably lower due to the
susceptibility of these to photodegradation and adsorption (DTso 20 d and 2.76 d
respectively) (Schliisener et al., 2006b).

Very little literature exists for the degradation of the amphenicol antibiotic class in
manures or soils, of the published literature is information regarding florfenicol which
has a reported range of 0.16-0.53 h within pig slurries and 7.35 d in soils (Junker et al.,
2020; Nightingale et al., 2022; Qiu et al., 202; FDA, 2013). Similarly, there is little
literature regarding the degradation rates of aminoglycosides in the environment.
However, there is sufficient evidence that lincomycin is persistent within pig slurries,
Kutcha and Cessna, (2009) observed minimal degradation over 154 d. Spectinomycin
however was identified to degrade much more rapidly with concentrations falling below
half the dosing concentration at 8d, this was suspected to be caused by the smaller

chemical structure (Kutcha and Cessna. 2009). The fluoroquinolone antibiotic class
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contains eight antibiotics, a wide range of elimination rates has been documented within
the literature, enrofloxacin was identified to have a DTso of 5 d within solid pig manure,
ciprofloxacin was observed to degrade by 67-83% in 56 d within composted pig
manures, difloxacin was observed to degrade by 7-15% in 150 d indicating persistence
within the environment (Berendsen et al., 2018, Kutcha and Cessna., 2009 and

Lamshoft et al., 2010).

Basic guidance and regulations are provided for the manure degradation experimental
procedure, however, there is currently no specific OECD or EU level of testing
available, hereby contributing to differences within the reported findings (EMA, 2011,
OECD, 2002, Junker et al., 2020 and Wohde et al., 2016). For example, two studies
assessing the degradability of oxytetracycline within pig slurries, Blackwell et al.,
(2005) reported a DTso of 79 d and Wang et al., (2015) calculated a DTso range of 9.05
—9.65 d. Moreover, a comprehensive ring testing report was published by Junker et al.,
(2016), which investigated variability within the degradation rates for florfenicol (pig
slurry) and imidacloprid (cattle slurry) from differing laboratories and manures. The
author’s reported DTso values to range from, 0.17-0.41 d for florfenicol and 7.4-40 d
for imidacloprid. As can be seen imidacloprid degradation was variable, demonstrating
that variability exists within manure degradation studies, this was not the case for
florfenicol however, it could be criticised that the stability of this analyte is too rapid
for such assessments. This assessment was furthered via Junker et al., (2020), who
demonstrated an attempt to harmonise such laboratory procedures; stricter experimental
procedures. The interlaboratory variability for salicylic acid and paracetamol
degradation within pig and dairy slurries were still between 9-12% and 3-46%
respectively. As can be seen harmonisation of such testing procedures is complex and
variability will most likely always exist due to differences within manure properties

(see section 6.0).

Currently other manure storage and treatment processes such as, composting and

anaerobic digesters are assessed within the environmental risk assessment for
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veterinary medicines, however, specific scientific interest has arisen regarding their
suitability as a mitigation measure (Dolliver et al., 2008; De Liguoro et al., 2003; Zhan
et al.,, 2018; Mohring et al., 2009; and Shi et al., 2012; Selvam and Wong, 2017).
Throughout the EU manure heaps are abundant and it is important to consider their
influence on veterinary medicine fate also. Generally, these systems have greater
removal efficiencies over that of slurries due to their, lower moisture contents,
microbial diversity, thermophilic temperatures, abundant fungi populations as well as
elevated carbon or organic matter contents (Youngquist et al., 2016). For example,
doxycline has a DTso of 120 d in pig slurry but under composting conditions this is only
25.7 d (Szatmari et al., 2011; and Widyasari-Mehta et al., 2016).

Mesophilic and thermophilic temperatures are achieved within manure heaps due to
high microbial activity and mineralization of organic matter/carbon (Bernal et al.,
2009). Elevated temperatures have been identified to increase the adsorption of
chlortetracycline enhancing its removal (Kim et al., 2012; Li et al., 2011). This is to be
expected given temperature dependent reaction rates are well known to influence
organic compounds. As a result, the Arrhenius equation is often utilized within the risk
assessment to correct for differences between laboratory and in-field temperatures
(Laidler. 1984). However, recent compelling research conducted by Keighley et al.,
(2021) has demonstrated its poor representativeness of this in estimating the

biodegradation rate of metaldehyde in soils.

1.5.2 Advanced storage mechanisms

Intensification within animal husbandry has resulted in the increased usage of anaerobic
digesters, these advanced systems offer improved nutrient cycling, odour reductions,
pathogen control and biogas production (Frear et al., 2011; Mitchell et al., 2013;
Madsen et al., 2011; Subair et al., 2020; Moller and Miiller., 2012; Vanotti et al., 2002).
Increasing usage of these systems raises questions regarding the fate of veterinary
medicines during this timeframe. However, research has demonstrated these systems to
be better suited in the removal of veterinary medicines and antibiotic resistant genes

(Carballa et al., 2007; Alvarez et al., 2010; Ma et al., 2011; and Pruden et al., 2013).
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Anaerobic digesters are complex systems and the control of temperature, moisture,
fermentation, additives and homogenization have all been identified to increase
biochemical reactions (Turker et al., 2018; Arikan, 2008; and Akyol et al., 2016). When
comparing two studies investigating tetracycline elimination it is evident that removal
rates are greater in AD over that of conventional slurry storage, for example Shi et al.,
(2011) reported a DTso of 12 h whilst Winckler and Grafe, (2001) calculated a DTso of
55d in pig slurries. The influence of veterinary medicines on AD performance is now
topical within research, although their effect has been summarized as being minimal

(i.e., 9% reduction in CH4 production) (Guo et al., 2012).

Table 1.5: Collated degradation rates of veterinary medicines within anaerobic
animal waste.

Veterinary medicine Matrix and storage DTsoor Reference
condition percentage
removed
Amoxicillin Pig manure (compost 0.66 d Liu et al., (2014)

containing straw)

Bactaricin Pig slurry 1.9d Joy et al., (2014)
Ceftiofur Recycled dairy water 0.00058- Lietal., (2011)
0.00118 d
(25°C)
Chlortetracycline Pig slurry 7d (38°C) Varel et al., 2012
Pig manure 19d (19-21°C) Berendsen et al., 2018

Pig manure compost Bao et al., (2009)

86.6 d

Ciprofloxacin “Rizosediment” 21d

(compost) 67-83% (56 d) Alexandrino et al., 2017
Pig manure Selvam et al., (2012)
Difloxacin Pig slurry 7-15% (150 d)  Lamshoft et al., 2010
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Doxycline

Enrofloxacin

Erythromycin

Florfenicol

Flumequine

Lincomycin

Metronidazole

Monensin

Norfloxacin

Olaquindox

Oxytetracycline

Progestrone
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Pig manure (compost)

Pig slurry

Pig manure

Pig manure

Pig slurry
Pig manure

Pig manure (compost)

Pig slurry

Dairy manure (compost)

Pig manure

Pig slurry

Manured soil (10% pig)

Dairy slurry
Horse manure (compost)
Broiler manure

Manured soil (10% pig)

Pig manure

Calve manure

Pig slurry

Pig (moisture dependent)

Broiler manure

(compost)

25.7d

120d

5d

6d

41d
52d

1d
0.023d

05-14d
46% (30 d)

37.7% (35 d)

269d

100% (140 d)
11-39.8d
2.1d

5.8-8.8d

9.05d

87 d (DToo)
79d
78-93d

24d

Szatmari et al., (2011)

Widyasari-Mehta et al.,
(2016)

Chen et al., (2018)
Berendsen et al., (2018)

Slana et al., (2017)

Schulsner et al., (2006)
Berendsen et al., (2018)
Chen et al., (2018)

Junker et al., (2018)

Mitchel et al., (2015)

Bousek et al., (2018)

Kutcha et al., (2009)

Ingerslav and Halling-

sorensen., (2001)
Pei et al., (2007)
Kim et al., (2012)
Ho et al., (2013)

Ingerslav and Halling-

sorensen (2001)

Wang et al., (2015)
Berendsen et al., (2018)
Blackwell et al., (2005)
Wang et al., (2008)

Ho etal., 2013
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Salinomycin

Spectinomycin

Sulfadiazine

Sulfadiomethoxine

Sulfamethazine

Sulfamethoxazole

Sulfamethoxydiazine
Sulfamethoxypyridazine
Sulfamethizole

Tetracycline

Tilmicosin
Tiamulin

Trimethoprim
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Broiler manure and straw

Pig slurry

Pig slurry

Pig slurry

Broiler manure
(compost)

Dairy manure

Calve manure (straw)

Steer manure (varying

moistures)

Cattle slurry (AD)
Pig manure (compost)
N/A (AD)

Dairy waste water (AD)
Pig manure

Pig manure

N/A (AD)

Pig manure

Pig manure (compost)
Pig slurry

Pig slurry

Pig slurry

Compost
Pig manure

Broiler manure

(compost)

1.3d

6d

79% (6 d)

20d

1.4d

<7d
64d

234-449d

>60d
>35d
8d

60d
1.6-5.7d
>12h
14d
0.6d-11d
6d
9.5d
0.5d

55d

2d
>200d
3.7d

<8d

Ramaswamy et al.,

(2010)
Schliisener et al., (2006)

Kutcha and Cessna,

(2009)
Lamshoft et al., (2010)

Ho et al., (2013)

Mitchel et al., 2015
De liguoro et al., (2007)

Wang et al., (2006)

Mitchel et al., (2015)
Kim et al., (2012)
Mohring et al., (2009)
Pei et al., (2007)
Berendesen et al., (2018)
Shi et al., (2012)
Mohring et al (2009)
Berendsen et al., (2018)
Chu et al., (2017)
Kiihne et al., (2000)
Shi et al., (2012)

Wincklet and Grafe,
(2001)

Ho et al., (2013)
Schlusener et al., (2006)
Ho et al., (2013)

Mohring et al., (2009)
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N/A

Tylosin Pig slurry 7.6d Teeter and Meyerhoft.,
(2003)

Pig manure (compost) <2d Loke etal, (2002)

Pig slurry 1294 Kolz et al., (2005)
Doramectin Sheep manure (compost) 12.2 -20% (21  Gobec and Ivan (2007)

d)

Flubendazole Pig slurry 28% (102 d) Kreuzig et al., (2007)
Fenbendazole Pig slurry 20% (102 d) Kreuzig et al., (2007)
Ivermectin Horse manure (compost) 1.6d Shwarz and Bonhotal,

2016

Footnote: Table summarised using the data presented in tables A2-5 which contains

the manure properties also. Anaerobic digestion indicated via AD.

Table 1.6:Collated degradation rates of veterinary medicines within soils.

Veterinary medicine Soil type DTso Reference
Amoxycillin Clay loam pH 8.2 0.43d Braschi et al., (2013)

Sandy loam pH 5.0 0.57d
Ciprofloxacin Silty clay loam 1.5d Cuietal., 2014

50 d Giradi et al., (2011)

Chlortetracycline Silty loam pH 5.7 20d Lietal., (2010)

Clay loam pH 5.7 55% (21d) Liuetal, (2012)

Sandy loam pH 6.1 25d

Sand 34d Halling-Sgrensen et al., 2005
Doxycline Silty clay loam pH 7 N/A Wang et al., (2016)

Sandy clay loam pH 5.6 533-578d Walters et al (2010)

Enrofloxacin Sandy loam 10d Martens et al., (1996)
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Monensin Sand 1.3d Sassman and Lee, (2007)
Clay loam 2d
Norfloxacin Silty clay loam 10 Wang et al., (2016)
Clay loam 31-62d Yang et al., (2012)
Oxytetracycline Sandy loam pH 6.2 21.7d Blackwell et al., (2007)
Silt loam pH 6.24 95.4% Ma et al., (2016)
Sulfachloropyradazine  Silt loam 20-22d Accinelli et al., (2007)
Sandy loam 35d Blackwell et al., (2007)
Clay loam 28d Kay et al., (2004)
Sulfadimethoxine Silt loam pH 5.4 11d Wang et al., (2006)
Sulfadiazine Silt loam pH 7.2 1-85d Hammesfahr et al., (2008)
Loamy sand pH 5.7 8.6d Sittig et al., (2014)
Sulfamethoxazole Sandy loam pH 9.23 9-15.3d Lin and Gan, (2011)
Silt loam pH 5.7 2-5d Liuetal., (2012)
Clay loam 4.3-13d Srinvasan and Sarmah, (2014)
Sulfamethazine Silt loam 1.3d Topp et al., (2013)
Clay loam 24.8d Pan and Chu, (2016)
Tetracycline Sandy clay loam pH 5.6 578 d Walters et al., (2010)
Clay loam 14.1-69.3 Pan and Chu, (2016)
d
Trimethoprim Silt loam pH 5.7 2-5d Liu et al., (2009)
Tylosin Loamy sand pH 6.1 67d Halling-Sgrensen et al., 2005
Sandy loam 5.7d Ingerslav and Halling-

Sgrensen, (2001)

1.5.3 Veterinary medicines and sorption

Veterinary medicines and other organic contaminants can bind to the organic matter
and carbon present in manures and soils where residuals are sequestered into micro and

nano-pores (Table 1.7). The soil-water partition coefficient (Kq, Koc/Kom and Ky) is a
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means to quantify this, for which batch sorption experiments are employed (OECD,
2000; Tolls, 2001). Generally, the purpose of this is to quantity the ratio of the assessed
compound to partition between the water and the solid phase.

It is critical to quantify the partition coefficients for veterinary medicines in order to
understand their mobility and bioavailability in the environment (Chen et al., 2017).
Therefore, this chemical property is essential in estimating their risk and effect in the
environment given it defines their mobility and availability to microbial degraders (Wu
et al., 2009). For example, ivermectin was shown to persist for 265 d within soils
(Sanderson et al., 2007), thus reducing the bioavailability towards micro-organisms,
however there are still concerns regarding direct ingestion of the organic matter (OM)
bound pharmaceuticals by earthworms (Maenpad and Kukkonen, 2006; and Mougin et
al., 2003). Soil adsorption coefficients are vital parameters when modelling the risk of
veterinary medicines towards groundwater and surface water, this parameter is utilized
within numerous environmental fate models such as, FOCUS PEARL and
FOCUS _SWASH (FOUCS, 2014; Wegst-Uhrich et al., 2014; and Ter Laak et al.,
2006a).

Veterinary medicines will form various interactions with organic matter/carbon present
in soils and manures, this is a compound specific effect that is controlled via the
physiochemical properties (log Kow and pKa) and chemical structure; adsorption
mechanisms such as, ionic bonding (cation exchange), hydrogen bonding, van der
waals forces and hydrophobic partitioning have been reported for various veterinary
medicines (Jeckahlke et al., 2014; Gevao et al., 2000; and Ter Laak et al., 2006b; Jones
et al., 2005; and Sassman and Lee 2005). Veterinary medicines with a high Kow values
are generally considered hydrophobic, indicating an affinity for binding to
soils/manures, because of this relationship Kow values are often used in order to predict
rates of adsorption (Ko and Kq¢) within modelling suites such as EPI-Suite (Kanazawa,
1989; and Berthod, 2015). Although the correlation between these values has often been
scrutinized due to compound specific differences. Octanol-water coefficients are not a

good descriptor of ionisable chemical sorption, other parameters/models are required
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for such modelling such as cation exchange and pKa (Droge and Goss, 2013). For
example, oxytetracycline has a low Kow (-1.22) value however it has a high adsorption
coefficient (Koc 42500 L/kg (Loke et al., 2002; Rabelle and Spliid, 2000; Song et al.,
2014).

Research conducted via Chandler et al., (2005) demonstrated the capability of tylosin
and tetracycline bound residues to remain bioactive and still inhibit the growth of
Escherichia coli and Salmonella sp. Furthermore, Subbiah et al., (2011), found
florfenicol to remain bioactive whilst adsorbed into the soils while ciprofloxacin,
tetracycline and neomycin were neutralized. This highlights the complications in
regarding adsorbed chemicals as benign or without an environmental risk, but also

demonstrates the difficulty in assessing such risk within an ERA.

Various factors are known to influence the rates of adsorption within soils and manures,
these are generally OM/OC content, matrix age, pH and ionic strength (ter Laak et al.,
2006; Parolo et al., 2008; and Gevao et al., 2000). The adsorption of sulfamethoxazole
has been discovered to be mediated by pH, due to sulfamethoxazole’s pKa acidic pH’s
result in the majority of the analyte being uncharged resulting in hydrophobic
interactions with OM/OC and cationic complexes with lipds and hydroxyl groups (Jia
et al., 2017; Srinivasn et al., 2013; and Chen et al., 2017). Moreover, it has been
reported that the presence of slurry/manure decreases sulphonamide adsorption to soil
particulates due to the elevation in pH (Thiele-Bruhn, and Aust., 2004; and Thiele-
Bruhn 2003). Ionic strength is correlated with pH due to the displacement of protons
from cation-exchange sites resulting in shifts in pH, moreover, ionic strength decreases
electrostatic processes on negatively charged surfaces such as soils, this in return has
been observed to increase oxytetracycline adsorption from 31-77% however the ionic

strengths assessed were deemed environmentally unrealistic (ter Laak et al., 2009).
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Table 1.7: Collated adsorption coefficients from the available literature.

Veterinary Medicine  Adsorption Matrix Reference
coefficient Ka
(L/kg)
Sulfamethazine 0.27-0.77 Sandy loam Srinivasan et al,
(2010)
16.55 Clay loam Srinivasan et al,,
(2010)
3.1-17 Loam Kurwadkar et al.,
(2007)
Sulphanilamide 0.57 Silt loam Thiele-Bruhn, and
0.59 Soil-slurry mixture 50:1 Aust. (2004)
(w/w)
Sulphapyridine 1.02 Silt loam Thiele-Bruhn, and
1.22 Soil-slurry mixture 50:1 Aust. (2004)
(w/w)
Sulphadimidine 0.79 Silt loam Thiele-Bruhn, and
0.74 Soil-slurry mixture 50:1 Aust. (2004)
(w/w)
Sulphadiazine 2 Silt loam Thiele-Bruhn, and
1.18 Soil-slurry mixture 50:1 Aust. (2004)
(w/w)
Sulphadimethoxine 0.73 Silt loam Thiele-Bruhn, and
0.62 Soil-slurry mixture 50:1 Aust. (2004)
(w/w)
Tylosin 58.1-148 Sandy loam Rabolle M, Spliid
(2000)
65 Clay loam Gupta et al., (2001)
5.77-21.4 Loam Zhang et al., (2011)
Oxytetracycline 680 Sandy loam Rabolle M, Spliid

(2000)
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Chlortetracycline

Metronidazole

Fenbendazole

Enrofloxacin

Ciprofloxacin

Norfloxacin

670

2580

1040

280

440

0.57-0.67

0.84-0.91

260-5610

496-3037

3548-6310

40,656

38

40,595

427
40,783
34.1

40,728

40,772

65.1

-54 -

Sand

Argonaut (gravel loam

soil)
Yolo (silt loam)

Argonaut (gravel loam

soil)
Yolo (silt loam)

Loamy sand and Sand

Silt loam

Sandy soils (pH 4.9, 5.3
and 7.5)

Five soils from European

countries

Pure clay (Kaolinite,

illite, vermiculite and

montmorillonite)
Clay silt loam
Poultry litter

Poultry litter and clay silt

loam

Sandy soil (pH 5.3)
Clay silt loam
Poultry litter

Poultry litter and clay silt

loam
Clay silt loam

Poultry litter

Rabolle M, Spliid
(2000)

Popova et al., (2013)

Popova et al., (2013)

Popova et al., (2013)

Popova et al., (2013)

Rabolle M, Spliid
(2000)

Thiele and
Leinweber., (2000)

Nowara et al., (1997)

Nowara et al., (1997)

Nowara et al., (1997)

Leal et al., (2012)
Leal et al., (2012)

Leal et al., (2012)

Nowara et al., (1997)
Leal et al., (2012)
Leal et al., (2012)

Leal et al., (2012)

Leal et al., (2012)

Leal et al., (2012)
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Tetracycline

Ivermectin

Avermectin

Florfenicol

40,716

3102—
312447
2.2-6.5E4

63,020

21,520

80.2, 17.4,
147

0.07-0.59

-55-

Poultry litter and clay silt

loam

Soil

Clay

Argonaut (gravel loam

soil)
Yolo (silt loam)

Silt loam, Sand and clay

loam

Leal et al., (2012)

Sassman and Lee

(2005)

Pils and Laird (2007)

Popova et al., (2013)

Popova et al., (2013)

Gruber et al., (1990)

FDA. (2013)
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1.6 Current understanding of the influence of matrix properties
and experimental conditions on the degradation, adsorption
and hydrolysis of veterinary medicines

The properties of environmental matrices can influence the rate of removal for
veterinary medicines. Currently our understanding of how soil and water properties can
affect veterinary medicine fate is well known (Srinivasan et al., 2013; Conde-Cid et al.,
2019; and An et al., 2021). However, research has seldom assessed the influence of
manure properties on the degradation-elimination of veterinary medicines, despite the
requirement for a comprehensive understanding for the veterinary medicine risk
assessment. Animal manures are highly heterogenic and large differences in properties
exist between, animal species, farms, and animal ages (see SI Table A2-5). The
properties of manures are influenced by a number of factors such as, processing
(acidification, aeration or separation), husbandry practice, animal feed, environmental
conditions, animal bedding, water type, and biocidal usage (Canh, 1998a; Canh, 1998b;
Montforts and Tarazona Lafarga, 2003; Béline et al., 2004; Powell et al., 2006; and
Fanguiero et al., 2015). There has been some interest into the influence of manure
properties on the degradation of veterinary medicines, but further research is required
(Wang and Yates, 2008; wohde et al., 2016; Junker et al., 2020). For example, Kreuzig,
(2010) suggested that manure pH and moisture would be important parameters
governing the fate of veterinary medicines, but it is expected other parameters will be

of equal importance.

1.6.1 Moisture

The moisture of environmental matrices is well known to influence the fate of
agricultural contaminants; however, little published research is available regarding its
influence towards veterinary medicines. Perhaps this is because this research aspect
was thoroughly investigated for pesticides and herbicides (Ou et al., 1982; Mate et al.,
2015; and Cycon et al., 2019). For example, Anderson, (1981) demonstrated that '*C
diallate and '*C trillate degradation rates increased as soil moisture increased, the
respective DTso values were 17.8 d and 49 d at a moisture content of 9% and 9 d and

34 d at 19%. This relationship was explained by the compound’s bioavailability to
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microbial mineralization; however, the opposite effect may occur in instances where
dissipation is governed by adsorption (Castillo and Torstensson, 2007). Similarly,
moisture plays a crucial role for veterinary medicine degradation in manures due to
sorption, bioavailability and hydrolysis. Of the published literature for manures, Wang
et al., (2007) demonstrated that oxytetracycline degradation was enhanced in elevated
moistures, for example the degradation rate constant (k) increased from 0.095 to 0.102
at moistures of 60-80%. Due to the known effect of moisture on degradation rates
manure degradation assessments are conducted in a harmonized approach in that the
dry matter contents are kept to 5%, 60% and 10% in pig, poultry and dairy assessments
(CVMP, 2011). The separation of slurries is becoming an increasingly popular practice
at farm scale to reduce slurry volume and improve nutrient management, within the EU
7.8% of slurries are now subject to this process (Hjorth et al., 2011; SARGA, 2015).
The influence of this practice towards veterinary medicine fate is only now being
investigated, although further research is required to fully assess the risk (Marti et al.,

2020).

1.6.2 pH

The pH of environmental matrices has numerous influences on the fate of agricultural
contaminants. The most influential is its effect on chemical speciation (ionized state
and polarity) and adsorption mechanisms (i.e., cation exchange or electrostatic forces)
(Mackay and Caterbury, 2005; Hu et al., 2008; Conde-Cid et al., 2019). The influence
of soil pH on veterinary medicine fate is well established, for example Sassman and
Lee (2005), demonstrated that the DTso of tetracycline was lower within acidic soils
over that of neutral. Tetracyclines are zwitterionic compounds meaning they have
multiple ionizable functional groups at differing pH’s (3 x pKa), at lower pH’s
tetracyclines exist in a cationic form and therefore their affinity for negatively charged
soils is greater (Conde-Cid et al., 2019). This phenomenon is compound specific and
has been identified for numerous other compounds such as sulfamethoxazole,
sulfadiazine, sulfachloropyridazine and tylosin via differing adsorption mechanisms
(Boxall et al., 2002; ter Laak et al., 2006; Yang et al., 2009; Srinivasan et al., 2013; and
Chu et al., 2013).
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Soil pH is an important parameter governing the fate of contaminants in soils, it is
expected that slurry pH will have an equal or greater influence on veterinary medicine
fate due to alterations to sorbitive processes, microbial populations and hydrolysis
(Thiele-Bruhn and Aust. 2004; Yang et al., 2009; Ali et al., 2013; and Chen et al.,
2017;). Ali et al., (2013), conducted a comprehensive assessment on the degradation of
tylosin within dairy cattle manure at various pHs, the results revealed that alkaline
conditions promoted degradation whilst acidic inhibited degradation. Interestingly, the
report later elaborated that this rapid elimination under alkaline conditions was
attributed to the formation of an unknown breakdown product. Moreover, a similar
trend was identified for pirlimycin where alkaline dairy slurry promoted degradation

and acidic reduced degradation (Li et al., 2020).

The hydrolysis of veterinary medicines is known to be influenced via pH and therefore
the current experimental guidance requires these experiments to be conducted at a range
of pH values (OECD, 2004). Loftin et al., (2008) demonstrated that the transformation
of oxytetracycline and tetracycline was increased as water pH increased. The DTso
values were 559 and 682 h at pH 5 and 682 h and 1150 h at pH 9 for oxytetracycline
and tetracycline respectively. Kune et al., (2000) revealed this trend to be related to the
transformation of tetracycline into iso-tetracycline a product which is easily broken
down into smaller fragments (Hlavka and Boothe 1985; and Halling - Serensen, 2002).
It is to be expected that pH mediated hydrolysis will also influence veterinary medicine

fate within slurries due to their high moisture contents.

1.6.3 Redox potential

Redox potential is often used as a parameter to indicate the oxidative — reductive state
of environmental matrices (CVMP, 2011; Jang et al., 2021). The oxygen content of
environmental matrices directly influences the microbial community and therefore the
elimination of organic contaminants (YSI, 2008). Recently researchers have
investigated this relationship for various contaminants present in sludges, soil solutions
and wastewater. A comprehensive evaluation of which was conducted by Alvarino et

al., (2016), where the degradation of *C-sulfamethoxazole in sludges under varying
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redox conditions was assessed and revealed that degradation was greatest under
anaerobic over that of aerobic nitrifying conditions. This was found to be related to
biodegradation as well as adsorption. Ouyang et al., (2019), reported similar findings
in soil solutions where the degradation of sulfamethoxazole was increased in anaerobic
(methanogenic or sulphate reducing conditions) over that of aerobic (nitrate-reducing).
The authors accredited this towards the increased abundance of specific degraders such

as Desulfovibrio Vulgaris.

Wastewater treatment is now employing Biological Nutrient Removal (BNR) a
stepwise process that involves anaerobic, aerobic and anoxic phases to control nutrient
concentration. Recent research has investigated the influence of this process towards
the fate of pharmaceutical contaminants (Estrada-Arriaga et al., 2016;
Lakshminarasimman et al., 2018). Typically, these systems utilized a redox potential
control mechanism and research has demonstrated that differing phases can result in
differing rates of contaminant removal. Smook et al., (2008) reported 95% of ibuprofen
was removed in the aerobic stage, whereas Inyang et al., (2016) demonstrated

trimethoprim removal to be greatest in the anaerobic phase.

Very little information currently exists regarding the influence of redox potentials on
the degradation of veterinary medicines in manures despite a wide range of values being
reported in the literature (Kolz et al., 2005; Kreuzig, 2010; Weinfurtner, 2011; Wohde
et al., 2016; Richter et al., 2016; and Junker et al., 2020). Ali et al., (2013) did however
investigate the degradation of tylosin under aerobic — reduced conditions within dairy
lagoon sediment. They reported aerobic conditions (+350 mV) to have greater removal
efficiencies over that of reduced (-100 mV). However, there is still a lack of research
concerning the influence of commonly used anaerobic redox potentials (-100 mV to -
400 mV) on veterinary medicine degradation. This information is critical considering
that this range is considered acceptable in routine manure degradation assessments

within the risk assessment for veterinary medicines (CVMP, 2011).
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1.6.4 Compound concentration and mixtures

Typically, environmental fate and effect studies are conducted using singular
compound assessments, however, there are concerns regarding if this is representative
of the natural environment (Polianciuc et al., 2020). Agricultural soils are likely
containing a wide array of contaminants and as a result their fate and effects may differ
to that of singular compound assessments. For example, UBA, (2019) outlined that
some organic wastes can contain up to 20 differing contaminants and soil have been
identified to contain up to 13 antibiotic compounds. It is expected that this will reduce
the degradation of agricultural contaminants in manures and soils via inhibited
microbial populations and competition for binding sites to organic matter and carbon.
There is currently little literature investigating this phenomenon in environmental
matrices. Those that have investigated have demonstrated a significant difference in
degradation rate, for example Monteiro and Boxall, (2008) identified a soil DTso range
of 3.1 — 10.2 d for naproxen whilst this range was extended to 4 — 17.7 d in the presence
of carbamazepine, fluoxetine, and sulfamethazine. Moreover, Yang et al., (2016)
investigated this phenomenon in sludges and reported DTso values for both individual
and synergistic assessments to be 1.3 < 2.7 d, 2.2 < 3.9 d, and 3.2 < 5d for
sulphamethoxazole, sulphadimethoxine, and sulphamethazine respectively. A recent
review by Marx et al., (2015) demonstrated that antibiotic mixtures increased the
toxicological effect towards bacteria communities and algae by up to 50-200% when
compared to singular compound assessments. Interestingly Drzymata and Halka,
(2020) highlighted a mixture of sulfamethoxazole and diclofenac did not drive any
differences within the effects towards Aliivibrio fischeri, Daphnia Magana or Lemna
minor. This phenomenon demonstrates the compound specific effects and the

requirement for future assessments of risks to address this.
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1.7 Ecotoxicological effects of veterinary medicines in the
environment

Veterinary medicines are bioactive and consequently they may have a plethora of
effects towards non-target species in the environment. The risk associated with
veterinary medicines is dependent on their usage, exposure to environmental
compartments, persistence, pharmacokinetics and bioavailability (Boxall et al., 2003).
Therefore, their risks are considered compound specific, some of the literature
regarding ecotoxicological effects of veterinary medicines in aquatic and terrestrial
systems is compiled in Table 1.8. For this reason, routine effect studies are conducted
within the risk assessment to investigate their risk towards soil microorganisms
(nitrogen transformation test (OECD 216), plants (OECD 208), earthworms (OECD
207), freshwater plants (OECD 201) and aquatic invertebrates (OECD 211 and 203)
(OECD, 2000; OECD 2006; OECD, 1984; OECD, 2011; OECD; 2012; OECD, 2019).

In reviewing the literature, it is apparent that certain veterinary medicine classes pose a
greater risk towards terrestrial and aquatic organisms. Parasiticides are generally
considered some of the most toxic veterinary medicines and as a result a Phase 11 risk
assessment is required regardless of the outcome during the Phase 1 exposure
assessment (Koolz et al., 2008). Antiparasitic pharmaceuticals in the macrocylic
lactone group are comprised of, avermectin, ivermectin, doramectin, moxidectin,
abamectin and eprimomectin. They are typically administered to treat gastrointestinal
roundworm, lungworms, scabies and mites (Lumerat et al, 2012; Jacobson et al., 2000).
Their persistence and mode of action results in toxic effect towards dung beetles, horn-
flies, earthworms, daphnids, and fish (Strong, 1996; Svendsen et al., 2005; Langford et
al., 2014; Bundschuch et al., 2016; and Mackenzie et al., 2021). There is now a great
concern regarding the use of antiparasitic compounds towards dung fauna, Ambrozova
et al., (2021) conducted a comprehensive field assessment on ivermectin and reported
that sites using this compound had a 35% reduction in dung beetle communities.
Interestingly these compounds are characteristic of, large molecular masses,
hydrophobicity (log Kow), and a strong affinity to OM, so their potential for plant uptake

or bioaccumulation is very low (Boxall et al., 2006). There has however been reports
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of high risk in aquatic compartments (Daphnia magna, and Oncorhynchus mukiss)
(Liebig et al., 2010; Lumaret et al., 2012).

Coccidiostats are an antiprotozoal routinely used in the protection of poultry against
coccidiosis. Literature regarding their effects towards terrestrial and aquatic organisms
is sparse. Of the available literature, Schwaiger et al., (2004) demonstrated the toxic
effect of diclofenac to aquatic invertebrates (Daphnids and fish) and reported a chronic
LOEC of 5 pg/L in Oncorhynchus mykiss. The authors stated that at this concentration
distinct histopathological alterations in the kidney and the gills were observed.
lonophores are a sub-group of coccidiostats; Hansen et al., (2009) conducted a desk-
based risk assessment and outlined that for monensin and salinomycin there were
identified risks towards both aquatic and terrestrial organisms during a phase Il risk

assessment (PEC refinement based on excretion and dissipation).

Numerous publications have detailed the effects of antibiotics in the terrestrial and
aquatic environment (Halling-Serensen et al., 1998; Thiele-Bruhn, 2003). The majority
of antibiotics are primarily toxic at high concentrations (Table 1.8), however, there are
some exceptions of this. For example, florfenicol has been identified to be toxic at low
levels to plants, ECso biomass values were reported to range from 0.32 - 2.59 mg/kg in
assessment conducted on six standardized plant assays (Richter et al., 2016). Generally,
the most sensitive species to antibiotic compounds are bacteria and cyanobacteria, this
is expected for bacteria given their mode of action whilst cyanobacteria contain
receptors which are inhibited in a similar means to that of bacteria (Kimmerer, 2003;
Guo et al., 2012; and EMA, 2018). The greatest risk of antibiotic contamination in the

environment is the formation of antimicrobial resistance.

Antibiotics in the environment result in a selective pressure towards microbial
populations, in that the bacteria that survive in the presence of antibiotics evolve and
become resistant (Davies, 1994; Baquero et al., 2008; and Allen et al., 2010). A process

now known as horizontal gene transfer has also been demonstrated where resistance
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can be spread across numerous microbial species which exacerbates the phenomenon
(Andam et al., 2011). The promotion of antimicrobial resistance in the environment
poses a great threat towards human and veterinary pharmaceutical treatment, currently
15,000 deaths per year in Germany are now attributed to this phenomenon (Aries and
Murray, 2009; Klatte et al., 2017). Interestingly this process has been identified to be
promoted where lower antibiotic concentrations exist; a direct result of low mortality
and increased gene transfer (Klatte et al., 2017). Animal husbandry has now been
identified to contribute towards antimicrobial resistance via the usage of antibiotics in
the treatment of livestock. For example, Joy et al., (2013) identified tylosin resistant
strains to be prevalent in manure storage even following the dissipation of the
compound. Moreover, Binh et al., (2010) detected sull, sul2, and blarru strains in
manures from 11 differing farms. In early research conducted via Koike et al., (2007)
the ability for resistant genes to be present in shallow groundwater below a storage
lagoon was identified. The authors reported the presence of ftet0, tetC tetQ, tetW, tetM,
tetS, tetH, tetZ and tetT genes. In a comprehensive review conducted by Andrade et al.,
(2020) it was demonstrated that of 8,741 investigations 7157 reported the presence of
antimicrobial resistance in various matrices. Of those in groundwater, 31.4% of the
bacteria were identified to contain antimicrobial resistant genes and were resistant to

various antimicrobials.

Table 1.8: Collated literature on the ecotoxicological effect of veterinary
medicines in the environment.

Veterinary medicine Species (most Endpoint Concentration Reference
sensitive)
Ceftiofur Microbes NOEC 0.25 mg/kg Boxall et al., (2004)
Chlortetracycline Green algae (M. EC5o 0.05 mg/L Halling-Serenson
aeruginosa) (1999)
Bacteria (V.fischeri) ECso (luminescence) 13 mg/L Park and Choi,
(2008)
Daphnia magna ECs0 (24 h 380.1 mg/L Park and Choi,
immobilization) (2008)
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Enrofloxacin

Erythromycin

Florfenicol

Ivermectin

Lincomycin
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Fish (Oryzias latipes)

Bean plant (Phaseolus Root dry weight

vulgaris)
Radish (Raphnus

sativas.L)

Daphnia

Bacteria (V.fischeri)

Daphnia magna

Algae (P.subcapitata)

Lemna minor

Fish (Oryzias latipes)

Microorganisms
(Aeromonas
salmonicida)
Duckweed (Lemna
gibba)

Daphnia magna

Fish (Oncorhynchus
myKkiss)

Onion (Allium cepa)

Rapeseed (Brassica
napus)

Daphnia

Earthworms

Daphnia

LCso (24 h) 88.4 mg/L

160 mg/L
reduced 66-94%

Growth stimulation ~160 mg/L

and N uptake
PNEC 0.001 pg/L
ECso 326.8 mg/L

(immobilization 24h)

ECso 131.7 mg/L

ECso0 (72 h growth  0.02 mg/L

inhibition)

ECso 5.62 mg/L

LCso (96 h mortality) >100 mg/L

MIC 0.3-2.5 mg/L
ECso (7 d yield) 0.76 mg/L
ECso (24 h) <100 mg/L
LCso >780 mg/L
ECso (biomass) 0.75 mg/kg
ECso (biomass) >5 mg/kg
PNEC 0.00025 pg/L
NOEC 1000 mg/kg
PNEC 379.4 ng/L

Park and Choi,
(2008)

Batchelder, (1981)

Batchelder, (1982)

Boxall et al, (2006)

Park and Choi,
(2008)

Park and Choi,
(2008)

Isidori et al., (2005)

Pomati et al.,

(2004)

Kim et al., (2009)

FDA, (2013)

FDA, (2013)

FDA, (2013)

FDA, (2013)

Richter et al.,

(2016)

Richter et al.,

(2016)

Boxall et al, (2006)

Boxall et al., (2004)

Boxall et al, (2006)
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Monensin

Oxytetracycline

Sulfachloropyridazine

Sulfadiazine

Sulfadimethoxine

Sulfamethoxazole

Sulfamethazine

Earthworms

Green algae (M.
aeruginosa)

Lemna Minor

Daphnia magna

Fish (Oryzias latipes)

Springtails

Earthworms

Bacteria (V.fischeri)

Daphnia magna

Lemna minor

Fish (Oryzias latipes)

Green algae

Daphnia magna

Algae (S.
capricornutum)

Daphnia magna

Fish (Oryzias latipes)

E fetida

Bacteria (V.fischeri)

Freshwater polyp

(Hydr vulgaris)

- 65 -

NOEC

PNEC

ECso

ECso

LCso (24 h)

LCio

LCio

ECso

ECs0 (48 h
immobilization)

ECso (48 h)

LCso (48 h)

PNEC

LOEC (24 h
immobilization)

ECso (growth)

ECs0 (96 h
immobilization)

LCso (48 h)

LCso

ECso

LCso

10 mg/kg

0.045 mg/L

3.26 mg/L

114 mg/L

215.4 mg/L

>5000 mg/kg

1954 mg/kg

26.4 mg/L

3753 mg/L

2.33 mg/L

589.3 mg/L

34.9 ng/L

150 mg/L

2.3 mg/L

204.5 mg/L

>100 mg/L

>4000 mg/kg

344.7 mg/L

100 mg/L

Boxall et al, (2004)

Boxall et al, (2006)

Kotodziejska et al.,
(2013)
Kotodziejska et al.,
(2013)

Park and Choi,
(2008)

Bauger et al.,
(2000)
Bauger et al.,
(2000)

Kim et al., (2007)

Kim et al., (2007)

Pro et al., (2003)

Kim et al., (2007)

Boxall et al, (2006)

Eguchi et al.,
(2004)
Eguchi et al.,
(2004)

Kim et al., (2007)

Kim et al., (2007)

Pino et al., (2015)

Kim et al., (2007)

Quinn et al., (2008)
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Spiramycin

Streptomycin

Tetracycline

Tiamulin

Trimethoprim
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Daphnia magna

Fish (Oryzias latipes)

Oat

Rice

Cucumber

Green algae (M.
aeruginosa)
Green algae (M.
aeruginosa)

Luminescent bacteria

Green algae (M.
aeruginosa)

Daphnia magna

E fetida

Wheat

Lettuce

Bacteria (V.fischeri)

Green algae

Daphnia magna

Fish (Oryzias latipes)

Oat

Rice

Cucumber

ECso (48 h
immobilization)

LCso (48 h)

ECso (germination)

ECso (germination)

ECso (germination)

ECso

ECso

ECso

ECso (48 h

immobilization

LCso

No effect

No effect

ECso

PNEC

ECs0 (48 h
immobilization)

LCso (48 h)

ECso (germination)

ECso (germination)

ECso (germination)

174.4 mg/L

>100 mg/L

37 mg/L

45 mg/L

>300 mg/L

0.005 mg/L

0.007mg/L

10 mg/L

0.09 mg/L

340 mg/L

>2000 mg/kg

No effect

No effect

176.7 mg/L

1.6 png/L

167.4 mg/L

>100 mg/L

86 mg/kg

118 mg/kg

>300 mg/kg

Kim et al., (2007)

Kim et al., (2007)

Liu et al., (2009)

Liu et al., (2009)

Liu et al., (2009)

Halling-Serenson
(1999)
Halling-Serenson
(1999)

Jiao et al., (2008)

Halling-Serenson
(1999)
Wollenberger et al.,
(2000)

Pino et al., (2015)

Boxall et al., (2004)

Boxall et al., (2004)

Kim et al., (2007)

Boxall et al, (2006)

Kim et al., (2007)

Kim et al., (2007)

Liu et al., (2009)

Liu et al., (2009)

Liu et al., (2009)
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E.fetida LCso >2000 mg/kg Pino et al., (2015)
Tylosin Green algae (M. ECso 0.034 mg/L Halling-Serenson
aeruginosa) (1999)
Daphnia magna LOEC (24 h 700 mg/L Wollenberger et al.,
immobilization) (2000)
Springtails LCio 149 mg/kg Bauger et al.,
(2000)
Earthworms LCio 3306 mg/kg Bauger et al.,
(2000)
Onion (Allium cepa) ECS50 (biomass) 41.3 mg/kg Richter et al.,
(2016)
Rapeseed (Brassica  EC50 (biomass) 61.9 mg/kg Richter et al.,
napus) (2016)

1.8 Summary

Research regarding the fate and effects of veterinary medicines in the environment is
well established. However in reviewing the literature regarding their fate and effects it
is apparent there are currently fundamental gaps in our scientific knowledge which
presents uncertainty regarding current assessments of risk. For example current fate and
effect assessments are routinely conducted on singular compounds, whereas this is
unrepresentative of reality. Typically they will exist synergistically with other organic
compounds (i.e., other veterinary medicines, biocides, pesticides and herbicides),
which is often hypothesized to influence their fate and risk. Environmental fate
assessments typically utilize manure degradation trials to assess the degradability of
veterinary medicines within the environment. In doing so the concentrations that would
be exposed to land upon manure application can be predicted. However, variability
exists between DTso values reported in the literature, indicating our understanding of
their exposure is inadequate. This could be related to differences in heterogenic manure
properties. Currently these assessments only utilize one manure per animal type but this

is not representative of manures regionally or globally. Manures have been reported to
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have large differences within their, moisture, pH, redox potential, organic matter

content, and microbial populations.

Another criticism of current environmental fate assessments and our scientific
understanding is that such experiments are routinely conducted under controlled
laboratory conditions. This is expected given the nature of science and the difficulties
already faced in controlling external variables. However, this outlines that these
assessments do not fully achieve their aim in assessing the fate or effects of veterinary
medicines in the environment. Moreover, modern agriculture is continuously evolving,
for example manure application has shifted from conventional techniques to advanced
injection technologies. The literature regarding their influence on the fate of veterinary
medicines is sparse and currently highly variable. In order to assess the exposure of
veterinary medicines to environmental compartments it is essential to have an in-depth

understanding of these mechanisms.

1.9 Aims and Objectives

Therefore, the aims of the presented research chapters was to investigate whether
environmentally realistic conditions and scenarios are driving variability within
environmental fate assessments.

The objectives of the presented research therefore were:

o 01 To summarise existing findings regarding the environmental fate of veterinary medicines
within the environment

e 02 To investigate if commonly reported pig slurry properties have a significant effect on
veterinary medicine degradation and whether these are resulting in poor predictability of
exposure within the environmental risk assessment

e O3 Distinguish whether pig slurry pH alters veterinary medicine degradation rates via biotic

or abiotic mechanisms
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e 04 Evaluate whether anaerobic redox potentials are contributing to variability seen within
manure degradation assessments

e O5 Assess whether advanced manure application techniques can be used to reduce the
exposure of veterinary medicines into the environment

e 06 Monitor the fate of veterinary medicines at field-scale to elaborate on our understanding of

their risk but also validate the sophisticated fate modelling suite FOCUS_PEARL

2.0 Thesis structure

Within the presented thesis the following objectives were achieved within the following
chapters. O1 was addressed within a review of the literature which can be found in Chapter
1. This contained a summary and evaluation of the available literature (peer-reviewed
articles). Specifically these included details regarding veterinary medicines, occurrence in
the environment, environmental exposure, degradation (manures, soils, and
groundwaters), sorption, effects to non-target organisms as well as factors affecting their
fate in the environment. Objectives 2 and 3 which concerned an investigation to whether
manure properties were contributing towards variability within veterinary medicine
manure degradation rates were met in Chapter 2. Specifically this was focussed on pig
slurry pH. The latter was also elaborated within Chapter 3, where the effect of anaerobic
redox potentials on the degradation of veterinary medicines was investigated. These
chapters brought specific attention to the risk assessment and whether such variability is
contributing to a misunderstanding of environmental exposure and therefore risk. Chapter
4 was concerned in achieving O5 via a semi-field study that investigated the influence of
manure application techniques on veterinary medicine fate. O6 was met within Chapter 5
where a field monitoring study was conducted to assess the fate of veterinary medicines at
field-scale. This Chapter also provides a thorough investigation to the applicability of
sophisticated veterinary medicine leaching models which are routinely used within the
environmental risk assessment. Chapter 6 provides an overarching synthesis of the
presented research whilst elaborating on the findings scientific implications and

conclusions.
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Abstract

Veterinary medicines are routinely used in animal husbandry and the environment may
consequently be exposed to them via manure applications. This presents potential
environmental and societal risks such as toxicological effects to aquatic/terrestrial
organisms and the spread of antimicrobial resistance. Regulatory studies that assess the
degradability of veterinary antibiotics during manure storage currently permit the use of
just one manure per animal type although we speculate that heterogenic properties such
as pH could be driving significant variability within degradation rates. To bridge this
knowledge gap and assess degradation variability with pH, laboratory degradation studies
were performed on a broad range of antibiotics (ceftiofur, florfenicol, oxytetracycline,
sulfamethoxazole and tylosin) at three different environmentally relevant pH levels (5.5,
7, and 8.5). The effect of pig slurry pH on degradation rates was found to be significant
and compound specific. Usually, acidic slurries were found to inhibit degradation when
compared to neutral pH, for florfenicol, tylosin, and ceftiofur; the associated changes in
DTso (half-life) values were 2-209 h, 35.28-234 h, and 0.98-2.13 h, respectively. In some
circumstances alkaline slurries were observed to enhance the degradation rate when
compared to those for neutral pH, for tylosin, the respective changes in DT50 values were
from 3.52 to 35.28 h. Comparatively, the degradation of sulfamethoxazole was enhanced
by acidic conditions compared to neutral (DTso 20.6-31.6 h). Tentative identification of
unknown transformation products (TPs) was achieved for sulfamethoxazole and
florfenicol for the first time in pig slurries. These results reveal the importance of
considering slurry pH when assessing the degradation of antibiotic compounds, which
has implications for the acidification of manures and the environmental risk assessment

for veterinary medicines.
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2.0 Introduction

Livestock are routinely administered veterinary medicines to improve or protect animal
health. As a consequence of poor absorption within the gastrointestinal tract of the
animal, high percentages of veterinary medicines are often excreted as the parent
compound or their metabolites (Thiele-Bruhn, 2003). Excretion rates of pharmaceuticals
depend on specific pharmacodynamic and pharmacokinetic processes/properties and vary
between 10 and 90% of the administered dose (Hirsch et al., 1999; Montforts et al., 1999;
Sukul et al., 2009). The environment is exposed to veterinary medicines via manure
applications to land or directly via excretion from animals reared on pasture (Kemper,
2008). The usage of animal manures as a fertilizer is commonplace within agriculture,
primarily due to its excellent nutrient content, but also because application to land offers
a suitable route for waste disposal (Potter et al., 2010; Lee, 2010; Bogaard et al., 2013;
Salgado et al., 2019).

Veterinary medicines that are present within the terrestrial environment can migrate to
the aquatic environment via, runoff to surface water or leaching into groundwater (Boxall
et al., 2004; Kay et al., 2005; Kreuzig et al., 2005; Li et al., 2018). Common on-farm
practice is to store animal slurries, during which veterinary antibiotics are subject to
various degradation and dissipation processes such as microbial mineralization,
adsorption, hydrolysis, and chemical transformation (Lamshoft et al., 2010). Typically,
pig slurry is stored on average for 53 days within the EU, during which time veterinary
medicines are subject to varying rates of degradation (EMA, 2016).
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Within the environmental risk assessment for veterinary medicines slurry incubation
studies are employed to assess the degradability of veterinary medicines during this
timeframe. This provides a more accurate estimate of concentrations exposed to land
following manure application (EMA, 2011). Presently there is a lot of uncertainty
regarding veterinary medicine degradation within manures due to differences in manure
properties; despite the fact that a thorough understanding is critical for harmonisation of
manure degradation studies (VICH, 2000; VICH, 2003; EMA, 2011). Variation exists
between manure degradation studies, for example Blackwell et al., (2005) reported a
DT50 of 79 d for oxytetracycline within pig slurries whereas Wang et al., (2015)
calculated a range of 9.05-9.65 d. When regulatory soil degradation studies are
performed (e.g., OECD 307), the use of four soil types is usually required due to the
known influence of soil properties on the degradation rate and route of organic
compounds (OECD, 2002; Junker et al., 2020). Soil matrix properties can affect sorption,
hydrolysis, microbial mineralization as well as the ionic strength and speciation of
contaminants (pKa) via changes in pH (Sassman and Lee, 2005; ter Laak et al., 2006;
Chatterjee et al., 2013; Jechalke et al., 2014; Mitchell et al., 2014; Junker et al., 2020).
Most regulatory manure degradation studies consider one animal manure per animal type,
but we hypothesise varied manure properties such as pH to be of equal or greater

importance to those of soils.
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The pH of pig slurries is heterogenic and is related to manure management (acidification),
animal feed, animal age, water, temperature, redox potential, as well as the aging process.
Through these mechanisms and the degradation of organic matter, different ratios of
ammonia, ammonium and volatile fatty acids (fulvic and humic acids) form thereby
altering slurry pH (Paul and Beauchamp, 1989; Moller et al., 2004; Page et al., 2014;
Joubin, 2018). Animal feed is well known to directly influence slurry pH and higher
protein diets have been identified to increase pH whilst carbohydrates decrease the pH
(Canhetal., 19984, 1998b). Typically pig slurry is expected to be neutral in pH, however,
a wide range of pig slurry pHs are documented within the literature, for example Cooper
and Cornforth (1978) noted a range of 6.5-7.5 and Weinfurtner (2011) observed pH
values of 13 pig slurries in Germany to be in the range of 5.55-9.14. Within the literature
there are publications reporting extremely acidic pig slurries (e.g., 4.8, 5.11) (Choudhary
et al., 1996; Thiele-Bruhn, 2003a; Martinez-Suller et al., 2008; Wang et al., 2015; Shan
et al., 2018), as well as alkaline pig slurries (e.g., pH 9.14, 8.92, and 8.11). (Sommer and
Husted, 1995; Hu et al., 2011; Mroz et al., 2000).

Despite documentation of wide-ranging pH values in pig slurries and the potential
impacts on veterinary medicine degradation, studies of the effect of pH are lacking
(Ratasuk et al., 2012; Ali et al., 2013). Therefore, the aim of this research was to address
this significant knowledge gap and quantify the effect of various slurry pHs on the
degradation of a wide range of veterinary antibiotics, including their transformation
products. This work has the potential to contribute towards a more robust environmental

risk assessment for veterinary medicines.
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2.1 Methodology

2.1.1 Chemical compounds and stock preparation

All chemicals and solvents were of the highest available purity. Methanol,
orthophosphoric acid, H2SO4 (86%), NaOH (98%), Na2EDTA, citric acid and di-sodium
hydrogen orthophosphate were purchased from Fischer Scientific (UK). Analytical grade
antibiotics were used (94-98%); oxytetracycline (OTC), ceftiofur (CFT) and tylosin
tartrate (TYL) were purchased from Scientific Laboratory Supplies SLS (UK), whilst
florfenicol (FLO) and sulfamethoxazole (SMX) were purchased from VWR (UK). The
influence of pH on degradation rates will likely be compound specific, therefore, a suite
of veterinary antibiotics with differing modes of action were selected to encompass a
wide range of physical-chemical properties (Table 2.0) (i.e., pKa, Log Kow, Kd, and
molecular weight). Stock solutions were prepared in methanol and fresh matrix matched
calibration standards were made following the extraction of pig slurries and aqueous
samples. 0.1 M Na. Mcllvaine buffer pH 4 (50:50) was prepared by mixing 307.25 mL
of 0.1 M citric acid, 192.75 mL 0.2 M Na:HPO4 and 500 mL of 0.1 M Na:EDTA.
Kolthoff and Vleeschouwer buffers were prepared at varying pHs via OECD 111 (OECD,
2004). To obtain pH 5.5 buffer, 68 mL of 0.1 M NaOH and 50 mL 0.1 M citric acid were
combined, whilst to obtain a pH of 7, 68 mL of 0.1 M NaOH, 50 mL boric acid and 0.37

g KCI were mixed.
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Table 2.0: Physiochemical properties of the veterinary antibiotics utilized in this study.

Antibiotic, Group

and Molecular Chemical Structure Log K. pKa K4 (mL/g) K. (ML/g)
Weight (g/mol)
Ceftiofur ; \ - 1.6 (US 2.68 (Ribeiro  14.5-31.72 755.60-944.66
(Cephalosporin) s . : T\H { ks EPA, etal., 2018) (Anetal., (Anetal.,
523.56 (Yalkowsky o 2006) 2021) 2021)
and He, 2003) .
Florfenicol [. X [l 0.37 9.03 (FDA, 0.07-0.59 10 - 27 (FDA,
(amphenicol) (FDA, 2013) (FDA, 2013)  2013)
358.21 (FDA, 2013) 2013)

vl !“ 7N -1.22 (ter 3.27,7.32, 540 - 1026 27792-93317

Oxytetracycline ]
(Tetracycline) WG 1‘; Laak etal., 9.11 (Stephens (Rabglleand (Rabglle and
460.44 (Yalkowsky o 2006) etal,1956)  Spliid, 2000)  Spliid, 2000)

and He, 2003)

Sulfamethoxazole P 0.89 1.44,5.7 1.13-2.41 (Hu 12.36-23.99

(Sulphonamide) WNTNF | (Hansch et (Srinivasanet etal., 2019) (Huetal.,

253.27 (Yalkowsky ‘ al., 1995) al., 2010) 2019)

and He, 2003)

Tylosin (Macrolide) T 2.5 (ter 7.1 (ter Laak et 3 - 156 (ter 136.36—

916.1 (Yalkowsky and W~ et ’. Laak etal., al., 2006) Laak et al., 5032.26 (ter

He, 2003) ' oy 2006) 2006) Laak et al.,
2006)

Adsorption/desorption details (An et al., 2021): — Range of a sandy loam, loam and clay
soils (FDA, 2013) — Range of four standardized soils (ter Laak et al., 2006), — Range of loamy
sand to clay loam (Rabglle and Spliid, 2000), — Range of soils from sandy soil to a loamy
sand (Hu et al., 2019), —Range of a sandy clay loam and a sandy loam.
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2.1.2 Pig slurry sampling, conditioning and characteristics

10 kg of fresh manure was sampled from a pig farm in Welburn, York (UK), the sample
was obtained from pigs that were 12 weeks old. The pigs had received sulfadiazine and
trimethoprim during their first 6 weeks of life, which is standard husbandry practice
when pigs are within the gestation, farrowing and weaning periods (Filippitzi et al.,
2014; Lekagul et al., 2019). However, none of the study compounds had been
administered prior to collection. Pig manure was stored under anaerobic conditions at
room temperature for no longer than two weeks prior to usage within the study. The
manure was homogenised before the moisture content was derived and then adjusted

into a slurry using tap water to attain a dry matter content of 5% (d/w). (EMA, 2011).

To characterise the dissolved fraction of pig slurries, the sample was centrifuged at
3250 rpm (2 h) and decanted, the supernatant was then filtered using G/F and 1 PS
Whatman papers, followed by a 20 um G/F and 0.45 pm nylon syringe filter. Analysis
of the sample was achieved using an Analytik Jena Multi NC2100 (carbon),
Autoanalyzer (nutrients) and ICP-OES (iCAP 7400 Radical) for metals, please refer to
Supplementary Information (S1 1.0) for further details. The pig slurry properties were
as follows, pH 7.2 £ 0.5, NH4—N 22.72 mg/L NO2>-N 0.2 ng/L, PO4—N 24 ng/L, OC
174 £ 6.6 mg/L, inorganic carbon 1087.9 + 14.3 mg/L, Co 0.05 mg/L, Zn 0.313 mg/L,
Cd 0.003 mg/L, Cu 0.032 mg/L and Pb 0.006 mg/L. These properties were found to be
comparable to previously published pig slurry characteristics (Weinfurtner, 2011;
Sommer et al., 2015).

2.1.3 Biodegradation experiment

Due to a mixture of antibiotics being tested the slurry was dosed with a mixture of five
compounds at 20% of the Predicted Environmental Concentration (PEC) which were
calculated using the Spaepen (Spaepen et al., 1997) model (SI Table B1). An exception
of this was ceftiofur which was dosed at 40% due to the very low PEC and poor
analytical sensitivity. The dosage concentrations were 3 mg/kg, 1 mg/kg, 5 mg/kg, 3
mg/kg, and 3.3 mg/kg for CFT, FLO, OTC, SMX and TYL respectively. The
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degradation of the five antibiotic compounds was performed at three pig slurry pHs
with five replicates and one control per treatment; the selected pH treatments were
alkaline (pH 8.5), neutral (pH 7) and acidic (pH 5.5). The pH of the pig slurry was
controlled using either 3 M H2SO4 or 3 M NaOH; daily checks were conducted, and the
required adjustment frequencies varied depending on the pH treatment. The volume of
acid/base that was added were recorded and the differences in the moisture contents
between the treatments was corrected. The incubation vessels facilitated continuous pH
and ORP monitoring and subsampling via permanently installed probes and a
detachable lid (Figure B1). The vessel lids contained an inlet and outlet facilitating the
purging of the headspace with nitrogen, this helped maintain anaerobic conditions with
redox potentials values ranging from —250 mV to —400 mV (EMA, 2011). pH
conditions were acclimated for ten days prior to dosing to allow the microbial

populations to equilibrate to the manipulated pHs (Fangueiro et al., 2015a).

Dosing of the pig slurries was achieved using a mixed stock solution that was
completely dissolved within methanol; the percentage of methanol to pig slurry was
<2% to avoid inhibition of the acclimated microbial populations (EMA, 2011).
Subsequently sub-samples of the slurries were taken using a serological pipette and the
concentrations of antibiotics were measured at O h, 2 h, 6 h, 12h, 24 h,48h,3d, 7 d,
14 d, 28 d and 56 d. During the incubation the vessels were kept in the dark at 23 + 0.5
°C, both temperature and light were controlled during this timeframe using a tinytag

datalogger (temperature) and a room with the exclusion of light.

Detection and quantification of veterinary antibiotics was achieved using a singular
method on a SCIEX Triple Quad 5500+ LC-MS/MS which utilized High Performance
Liquid Chromatography (HPLC) reversed phase methodology. A Phenomenex Kinetics
XB-C18 2.6 um LC column (50 x 2.1 mm) was used and the mobile phases consisted
of 0.1% formic acid in methanol and 0.1% formic acid (aqueous). A 15 pl injection
volume and a flow rate of 0.4 mL/m was utilized, and the duration of the method was

11 min with the following gradient, 0 min (0% B), 3 min (90% B), 8 min (90% B), 8.1
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min (10% B), 11 min (0% B). Analyst 1.6 software (SCIEX) was used to process and
quantitate the samples. The LOD's of the assessed analytes in pig slurries were found
to range from 0.000025 to 0.05 mg/kg, whilst the LOQ's ranged from 0.006 to 0.073
mg/kg (see SI Table B3 for specific LODs/LOQs and MS methodology). Quality
controls were utilized within the analysis of veterinary medicines to ensure precision

and accuracy during the data acquisition (please see SI section 2.0 for further details).

2.1.4 Abiotic degradation experiments

In order to assess abiotic processes, sterile slurry degradation and hydrolysis
experiments were performed. The sterile manure experiment was performed with the
same conditions (pH, temperature and light) as the non-sterile experiment (except for
sterilisation). The slurries were moisture corrected and autoclaved at 120 °C for 30 min
at 0.206 bar. Formaldehyde was used to maintain sterility during the studies duration;
during the acclimation period the starting concentration of formaldehyde was 0.3%,
subsequently, 1.42 mL of formaldehyde was added weekly. Sterility of the test system
was checked weekly using nutrient broth and swab checks and, if required, further
confirmations were achieved using agar plates. Sterile swabs were used to sample the
slurry and the nutrient broths were incubated at 30 °C for 12 h. Visual comparisons for
turbidity (bacterial growth) were made between the respective controls and the sample.
The hydrolysis analysis was also conducted under the same experimental conditions as
both manure degradation studies. For hydrolysis, Kolthoff and Vleeschouwer and
buffers as well as deionized water were set up at varying pHs as per the OECD 111
guideline (OECD, 2004). These samples were aqueous alone and contained no pig
slurry. Buffers containing the antibiotics were stored in 10 mL glass culture tubes and

destructively sampled and filtered using a 0.2 um nylon syringe filter prior to analysis.

2.1.4 Liquid chromatography-high resolution mass spectrometry (LC-
HRMS)

A Thermo Scientific Exactive Orbitrap LC-HRMS system was used to analyse samples
from the 2 h, 6 h, 24 h, 48 h and 14 d timepoints. An ACE 3Q aqueous (150 mm by 3

129



- 130 -

mm, 3 um) LC column was used, the mobile phases consisted of methanol: acetonitrile
(50:50) with 0.1% formic acid (mobile phase A) and H>O with 0.1% formic acid in
methanol (mobile phase B). The gradient was 37 min in total and utilized reversed phase
chromatography, the details were as follows, 0—5 min (0% B), 5-20 min (100% B), 20—
30 min (100% B), 30-35 min (0% B) and 37 min (0% B). A 25 pl injection volume,
0.4 mL flow rate and column oven temperature of 40 °C was utilized. Both positive and
negative ionization electron spray conditions were assessed in separate runs.

Calibrations were performed prior to ensure the instruments mass accuracy ( £5 ppm).

Using Thermo Fisher software Xcalibur 2.2 (SP1) qualitative processing techniques
were utilized to identify potential TP peaks. An in-house database of 66 possible phase
1 TPs was used and the processing mass tolerance windows were set at +5 ppm and
+10 ppm for the positive and negative conditions respectively. Occurrence of a specific
TP was confirmed and tentatively identified through respective comparisons to the
controls (i.e., presence vs absence). Peak areas were collated, and comparisons were
made between pH treatments; due to peak area (Cps) being used, the comparisons made
are relative between samples and do not reflect absolute concentration. Unfortunately,
standards for all TPs were not available to determine absolute concentrations or confirm
identities. Nevertheless, the observed trends, in relative abundance, reveal findings with

regards to the TP rate or route assessments.

2.1.5 Degradation kinetics and statistical analyses

Modelling software (CAKE v3.3) was used to derive the kinetic profile; the same
kinetic models were used throughout all pH treatments facilitating statistical
comparisons. The most appropriate fit for all three pHs was selected, ensuring the
residual plots had a chi-squared <15%. In order to obtain the degradation kinetics of
the identified TPs, peak areas were plotted against a normalized time (i.e., where
degradation initiated). The degradation software was used to derive the DTso values
using Single First Order (SFO) and First Order Multi Compartment (FOMC) models
(Eq 1+2).
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Equation 1: DT50 (SFO) =
Equation 2: DT50 (FOMC) = f(2~— 1)

Where: k is the degradation rate constant, a is alpha and B is beta.

Statistical analyses were completed using Minitab 18. An analysis of variance (two-
way) was conducted on the sample data to statistically compare between the three pH
treatments over time for each analyte (concentration = time*pH), a three-way ANOVA
was conducted for the analyses of time*pH*treatment. Statistical analysis was
conducted using five replicates (n = 5) and statistical significance was reported at the
95% confidence interval (p value = < 0.05). Tukey post hoc comparisons were
undertaken on the analyses of variance to distinguish comparisons between pHs and

treatments.
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2.2 Results

2.2.1 Degradation within pig slurries at different pHs

The degradation data was best fit to SFO kinetics for CFT, OTC, FLO and SMX,
whereas TYL followed a bi-phasic degradation pattern, therefore the FOMC was the
best suited model (Fig. 1). Generally, the persistence of each compound under neutral
slurry conditions followed this hierarchy: FLO < CFT <TYL <SMX <OTC. OTC was
persistent throughout the experiment and the study's duration (56 d) was not adequate

to fully assess the degradability of this compound within the different slurry pHs.

An ANOVA (two-way) revealed the significant effect of non-sterile pig slurry pH on
the degradation of FLO (p < 0.05), TYL (p < 0.05), SMX (p < 0.05) and to a lesser
extent CFT (p < 0.05) (Fig. 1 and Table .2). Within acidic pig slurries the degradation
rates of FLO, CFT, and TYL were significantly inhibited over that of the neutral
treatment (p < 0.05), whilst alkaline conditions were found to promote degradation (p
< 0.05) (Fig. 1). FLO degradation within acidic slurries exhibited a lag phase of 72 h
and the degradation rate was reduced by a factor of over 100 in comparison to that of
neutral (k 0.00229 < 0.2451) (p < 0.05). This resulted in a 100-fold increase in DT50
in comparison to neutral/alkaline conditions (2 h—8.7 d) (Table .2 and Fig. 1). Similarly,
TYL degradation within acidic slurries was inhibited and also experienced a lag phase,
resulting in a six-fold increase in the DT50 value when compared to pH 7 (1.47-9.75
d) (p <0.05). Interestingly, under alkaline conditions TYL exhibited a ten-fold increase
in degradation rate over that of neutral (3.52-35.26 h) (Fig. 1 and Table .2) (p < 0.05).
Comparatively, acidic conditions promoted the degradation rate constant for SMX over
that of neutral (k 0.3976 < 0.4458) (p < 0.05), whilst alkaline pH was found to
significantly hinder the degradation (Fig. 1), thus driving differences within the
calculated DTso values, these were 20.6 h at pH 5.5, 31.6 h for pH 7 and 122.8 h at pH
8.5 (Table 2).
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2.2.2 Abiotic degradation in sterile slurry

Of the selected antibiotics, FLO, CFT, TYL and SMX degradation rates in sterile slurry
were found to be significantly reduced during the analysis of variance (three-way),
when they were compared to the non-sterile treatment (p < 0.05) (Fig. 1 and Table .2).
However, OTC under sterile conditions was observed to degrade faster over that of non-
sterile; a 70-fold increase in degradation was noted at a pH of 7 between non-sterile and

sterile treatments (Figure 2.0 and Table 2.1).

Degradation in sterile slurry treatments was not significantly affected by the slurry pH
for FLO and CFT. However, the analysis of variance (two-way) revealed that pH
treatment drove differences for SMX, and to a lesser extent TYL. Faster dissipation
(adsorption/degradation) was exhibited for SMX within sterile acidic conditions (DT50
5.04 d) compared to that of neutral (DT50 23.7 d) (p <0.05) (Table 2.1). Increased TYL
degradation was observed under sterile alkaline conditions at 56 d. Although this trend
was deemed insignificant, it revealed some degree of difference to that of neutral (p =

0.094); a 700-fold increase in [ rate constant was observed (Table 2.1).

2.2.3 Hydrolysis

A three-way ANOVA demonstrated that the rates of degradation for CFT, FLO, SMX
and TYL within the hydrolysis experiment were significantly lower than in the slurry
system (p < 0.05) (Table 2.0). For example, at pH 7, FLO persisted for 56 d and the
concentration did not change. Comparatively, OTC was found to be hydrolytically
unstable which resulted in a DTso of 9.3 h at pH 7. The influence of pH within buffers
was very minor or had no significant effect on the elimination of FLO, OTC and TYL.
Differences in pH and hydrolytic degradation rates were observed for both CFT and
SMX, CFT degradation was increased in alkaline buffers whilst SMX was promoted
under acidic conditions (p < 0.05) (Table 2.0 and Figure B2).
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Figure 2.0: Degradation of selected veterinary antibiotics at varying pHs over time within
non-sterile pig slurry and sterile pig slurry. The x-axis is presented logarithmically,
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Table 2.0: Degradation rates (DTso) of veterinary antibiotics under different pH
conditions and treatments, non-sterile slurry, sterile slurry and aqueous buffer

(hydrolysis).
Compound Matrix pH 8.5 pH 7 pH 5.5

Ceftiofur Pig slurry 0.59 h 0.99 h 2.13h
Sterile pig slurry 6.5d 6.5d 2.33d
Aqueous buffer 19d 49.16 d 75d

Florfenicol Pig slurry <2h <2h 8.7d
Sterile pig slurry 30.95d 79.58d 45.83d
Aqueous buffer >416 d >416 d >416 d

Oxytetracycline Pig slurry 78d 90d 29.04d
Sterile pig slurry 38.8h 30.7h 17h
Aqueous buffer 17.8d 9.4d 11d

Sulfamethoxazole Pig slurry 122.8h 31.6h 20.6 h
Sterile pig slurry 325d 23.7d 5.04d
Aqueous buffer >416d >416d 80.41d

Tylosin Pig slurry 3.52h 35.28h 234 h
Sterile pig slurry 165d 245d 675d
Aqueous buffer >416 d >416 d 114 d

Footnote — For compounds and assessments which were inherently persistent a DT, value of >416 d
has been selected. A consequence of not doing so would result in trends and forced modelled
predictions, the stability past this point is unknown.

2.2.4 |ldentification of transformation products within non-sterile pig
slurry

A large spectrum of known and unknown TPs was tentatively identified for all of the
study compounds in the non-sterile pig slurry treatments (SI Table B4).
Monochloroflorfenicol (MCF) was tentatively identified within pig slurries, this TP is
formed via the loss of a chlorine adduct and the exact mass was 323.03942 m/z.
Moreover, TPs of FLO were detected for the first time in pig slurries, referred to as
FLO M 338 and FLO M 271; the structural changes proposed for these TPs were the
addition of H2 +O (338.98990 m/z) and the loss of -CI2, —O (271.06784 m/z). OTC
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degraded into metabolites referred to as APO-OTC, A-APO and B-APO OTC which
are isomers with the same mass (442.13760 m/z) and could not be differentiated. SMX
had a wide range of identified TPs, there were 11 observed in total referred to as
SMX M 215-301. Five of the identified metabolites have also been previously
observed and documented, these were SMX M: 287, 269, 239, 173 and 215, whilst
both SMX M 239 and SMX 259 have not been previously identified.

The transformation products that were identified to have differing rates of formation
and degradation within the pH treatments for non-sterile pig slurries are presented in
Figure 2.1, please refer to Figures B 3—10, for other TP profiles. The spectrum of TPs
for FLO reveals pig slurry pH to affect the timing of TP formation as well as the
intensity detected, this resulted in differences in TP degradation rates and routes (Figure
2.1, and Figure 2.3). Generally, under pHs 7-8.5 FLO degraded into MCF rapidly
whereas under pH 5.5 FLO was observed to form FLO M 338 and very little MCF.
As a result of faster FLO degradation under alkaline conditions (Figure 2.0), rapid
formation of MCF was observed (Figure 2.1). Interestingly the k rate constants were
similar (pH 8.5 k 0.0753 and pH 7 k 0.07395), which produced DTso values similar to
one another (SI Table B5). Rapid and greater intensity of FLO_M_338 formation was
observed within acidic slurries, this resulted in a DT that was over five times that of
the neutral treatment (6.4-33 h) (Fig. 2). TYL transformation into TYL B was found
to be rapid at a pH of 5.5 (Figure 2.1), the calculated DTso was found to be two times
higher than that of neutral (13.4-31.4 h). SMX degradation produced a wide spectrum
of both known and unknown TPs (Table B4), the formation of these was observed not

to be pH dependent (SI Figures B 5-8).
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2.3 Discussion

2.3.1. Antibiotic degradation as a function of pH

CFT, FLO, TYL and SMX were all observed to be impersistent within pig slurries at a
pH of 7 and the DTso values were in-line with previous reports of degradation rates
within pig slurries/manures and anaerobic digestion (Gilbertson et al., 1990; Hollis,
1991; Mohring et al., 2009; Chatterjee et al., 2013; Berendsen et al., 2018; Junker et
al., 2020). Acid or alkaline treatments were observed to increase/decrease degradation
rate constants. Although OTC is known to be environmentally persistent (Blackwell et
al., 2005; Junker et al., 2020), Wang et al., (2015) reported a DT50 value of 9.05-9.65
d, which we speculate to be related to the acidic pH (pH 5.6) and low moisture content
of the pig manure used. The persistence of OTC within pig slurries is likely a result of
adsorption mechanisms (cation exchange and electrostatic forces) which render it
unavailable to hydrolytic and microbial degradation processes (MacKay and
Canterbury, 2005; Blackwell et al., 2005). A similar pH effect for TYL has been
observed within dairy lagoon sediment, comparable to those findings presented here,
with alkalinity favouring degradation and acidic inhibiting degradation (Ali et al.,

2013).

2.3.2 Biotic and abiotic degradation mechanisms

2.3.3 Microbial mineralization

It is evident from the degradation assessments in sterile and nonsterile slurry that biotic
degradation is the primary removal mechanism for FLO, TYL and CFT in pig slurries.
The differences in degradation rates for these antibiotics at pH 5.5 and 8.5 are
speculated to be a result of reduced/increased microbial activity and mineralization.
Sommer et al., (2015) reported acidifications of pig slurries reduced methanogen
populations by 6-20%, whilst Lin et al., (2015) reported weak alkaline conditions
promote anaerobes such as Porphyromonadaceae and Lachnospiraceae. The sterile-
OTC assessment was inconclusive; we speculate that the faster rates of depletion under

sterile conditions was attributed to the degradation of formaldehyde into formic acid,

139



- 140 -

likely further acidifying the surface of the organic matter and further increasing

adsorption mechanisms (Suresh et al., 2019).

2.3.4 Adsorption and hydrolysis

It is well known that the pH of soils and sediments influences the rate and mechanisms
of adsorption for veterinary medicines, for example publications have detailed an
increase in the adsorption coefficients at lower pHs for tetracycline, spectinomycin and
florfenicol (Hu et al., 2008; Wang et al., 2014; Conde-Cid et al., 2019). Whilst an
adsorption study alone was not conducted, the differences between the abiotic - biotic
degradation assessments (non-sterile, sterile and hydrolysis) indicate that adsorption
processes could have contributed to the differing rates of degradation that was observed
between the pH treatments. These assessments revealed that differences within the
degradation rates between pH treatments could be related to adsorption processes for

SMX and to a lesser extent TYL (Figure 2.0).

At lower pHs SMX is an uncharged species (pKa' 1.4 and pKa? 5.7), increasing its
affinity to form hydrophobic interactions with organic matter/carbon as well as cationic
complexes with lipids, carboxylic and hydroxyl groups (Boguta and Sokotowska, 2020,
Hu et al., 2019; Jia et al., 2017, Srinivasan et al., 2013). Therefore, we speculate that
the increased SMX elimination at a pH 5.5 and stunted dissipation at pH 8.5 was found
to be related to sorption and to a lesser extent hydrolysis. This phenomenon has
previously been identified for SMX within acidic composted manures and acidic
manured soils. For example, the adsorption-desorption coefficient (Kd) at pH 4 was
2383.3 L/kg whilst at pH 5.5 this was 24.9 L/kg (Hu et al., 2019; Thiele-Bruhn and
Aust, 2004). Moreover, the accelerated hydrolysis rate at lower pHs is a result of
increased protonation of SMX when it is predominantly in its cationic form (Manzo
and Martinez de Bertorello, 1978; Bialk-Bielinska et al., 2012). ter Laak et al., (2006)
demonstrated that at pH 8.5 the adsorption coefficient of TYL increases, therefore it is
highly likely that the observed differences within the degradation rate under the non-

sterile degradation assessment are related to the promotion of adsorption mechanisms.
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2.3.4 Transformation products within slurry treatments

It is critical to consider TPs when assessing the degradability of compounds within
environmental matrices as in some cases these products can maintain a similar mode of
action, as well as having similar or greater ecotoxicological effects, and persistence
within the environment (Sinclair and Boxall, 2003; La Farre et al., 2008; Koba et al.,
2017). For example, florfenicol alcohol (FOH) has been reported to have similar
toxicological effects towards the green algae Pseudokirchneriella Subcapitata as FLO,;
the minimum inhibitory concentrations for these were found to be > 0.98 mg/L (Hoberg,
1991; FDA, 2013). Increasing attention is being given towards TPs within recent
publications, however, due to cost and availability of analytical standards and LC-
HRMS, our understanding of the behaviour of TPs in the environment is still in its

infancy.

Differences within degradation rates for CFT could be related to the formation of
desfuroylceftiofur and its analogue deacetyl-cefotaxime. These TPs form through the
cleavage of thioester bonds and it has been identified that this occurs more rapidly under
alkaline conditions (Koshy and Cazers, 1997; Sunkara et al., 1999). The rapid
degradation of FLO under alkaline/neutral conditions was found to be a result of biotic
transformation into MCF. MCF is unstable and degrades into the final degradant
florfenicol amine (DT50 35 h), although no clear relationship was observed between
the pH treatments, MCF and florfenicol amine (FA) (Figure 2.2). Higher intensity
detections were observed for both FOA and FLO M 338 within the acidic slurries,
however it remains unclear whether increased formation was observed within these
conditions or inhibited degradation provided better detections of these TPs.
FLO M 271 is potentially a degradant of FLO M 338 and both have previously
identified within agricultural soils, but this is the first time they have been identified

within pig slurries (Qiu et al., 2021).

Nine metabolites were identified during the degradation of SMX, five of which have

previously been identified and detected within sewage sludge and hospital wastes
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(Martin de Vidales et al., 2012; Srinivasan et al., 2013). SMX's TP profile is complex
but indicates that all pH treatments had the same TPs present (Figures B 5-8). Although
higher rates of formation and faster degradation rates were observed at different pHs,
there was little compelling evidence to suggest that the acidic slurry treatment increased
the rate or altered the route of SMX transformation. TYL B has been previously
detected within animal tissues, slurries and manured soils and is known to form under
acidic conditions (Loke et al., 2000; Cherlet et al., 2002). The transformation product
profile of TYL did not reveal a suitable explanation to increased removal within the
alkaline treatment although we suspect this to be related to unidentified TPs that were

not detected during the analyses.

2.3.5 Scientific importance and implications towards the management of
manures and the veterinary medicine risk assessment

The processing of animal slurries is often overlooked within veterinary medicine risk
assessment even though farmers frequently adjust the properties of slurries
(acidification and moisture) in order to improve/retain nutrient content, reduce
greenhouse gas emissions and improve compliance with the Nitrate Directive
(91/676/EEC) (Kai et al., 2008; Clemens et al., 2002; Sommer et al., 2017; Wang et al.,
2014). Slurry acidification is becoming increasingly popular in Holland and Denmark
due to the reduced requirement to plough or inject slurries from Dutch authorities; in

2012 10% of slurries were acidified (Hjorth et al., 2013; Fangueiro et al., 2015a).

Until now the influence of acidifying slurries on antibiotic degradation was unknown
but the results presented here demonstrate this could lead to an exceedance of
permissible limits of antibiotics in the environment deemed as acceptable under current
risk assessment paradigms. For example, if the measured fate data (DTso) were used to
derive PECsoil refined, the slurry acidification scenario would result in increased soil
concentrations of FLO and TYL (EMA, 2011). The PECisoil refined for TYL at a pH of 7
is 45 times lower than that when using the pH 5.5. Similarly, FLO PECsoil refined is 1.23E-
32 ug/kg at a pH 7, but at pH 5.5 this was calculated to be 138.21 pg/kg. If degradation
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was assessed at an acidic pH, the PEC calculation is in an excess of the specified 100
ug/kg threshold (EMA, 2016). Elevated concentrations also present wider ecosystem
risks that would not have been considered if degradation was assessed at neutral pH.
For example, increased concentrations of TYL within arable soils would decrease post-
emergence survival for all of the standardized plants assessed via Simon et al., (2015)
(ECso 15-400 mg/kg). Likewise, the elevated FLO soil concentrations have previously
been identified to cause 10% decrease in the biomass for A.cepa, B.napus and, S.alba
(ECso 60 to >70 ng/kg) (Richter et al., 2016). Comparatively, the acidification process

would be an ideal mitigation measure for removing SMX from pig slurries and soils.

In order to rectify variability within manure degradation trials, we suggest that multiple
slurries of the same type with a range of properties should be used, which will provide
a more thorough assessment of veterinary medicine degradability. It is probable that
similar effects of pH seen in the correct investigation maybe observed in cattle manure
and poultry litter, but the impact of pH on degradation rate and route of antibiotics has
not been determined yet. To ensure the subsequent environmental risk assessment is
comprehensive and precautionary then it is important that manure degradation studies
replicate realistic on-farm practices and variability. Therefore, we suggest a range of
pig slurries are considered which as a minimum demonstrate a range of realistic pH

values.

2.4 Conclusion

The crucial findings of this study demonstrate the influence of pig slurry pH on the
dissipation of veterinary antibiotics and could contribute to a more robust risk
assessment. A compound specific effect was found for antibiotic degradation and the
effect of slurry pH, for example, FLO, TYL and CFT degradation was inhibited under
acidic conditions and enhanced under alkaline over that of neutral. SMX degradation
was observed to increase under acidic conditions and be inhibited under alkaline over
that of neutral. Biotic processes drove differences between pH treatments for FLO, TYL
and CFT, whilst abiotic processes contributed to differences for SMX and to a lesser

extent TYL. Different TPs were identified associated with particular pH conditions,
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revealing differences within biotic processes. The findings presented here demonstrate
that current regulatory and manure management practices could result in greater

environmental exposure than anticipated.
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Abstract

Veterinary medicines are frequently used within intensive livestock husbandry and there
has been a growing interest regarding their fate in the environment. However, research
has seldom assessed the influence of pig slurry properties on the fate of veterinary
medicines even though such an understanding is essential for a more robust
environmental risk assessment. Changes within manure degradation rates have the
potential to alter the concentration of antibiotics applied to land, and the outcome of the
risk assessment. The aim of this work was to investigate whether commonly reported
redox potentials affect the degradation rates of acetyl-salicylic acid, ceftiofur, florfenicol,
oxytetracycline, sulfamethoxazole, and tylosin. The employed redox potentials were —
100 mV (reduced), — 250 mV (anaerobic) and — 400 mV (very anaerobic). A compound
specific relationship was observed where the degradation of ceftiofur, florfenicol,
oxytetracycline and sulfamethoxazole was inhibited under reduced conditions over that
of very anaerobic; the respective DTso values were 0.7-1.84 h, 1.35-3.61 h, 22.2-49.8 h,
131-211 h and 35.4-94 h. In contrast, tylosin was found to degrade faster at reduced
conditions over very anaerobic (DTso 6.88—19.4 h). The presented research demonstrates
the importance of redox potential on degradation rates and suggests we need stringent
and harmonized redox control to improve the environmental risk assessment of veterinary

medicines.
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3.0 Introduction

Veterinary medicines are routinely used within animal husbandry to improve/protect
animal health, moreover, in some regions of the world veterinary antibiotics are also used
to promote the growth of livestock (Patel et al., 2020). Often high percentages of
administered veterinary medicines and their metabolites are excreted resulting in high
concentrations of biologically active chemicals being detected within animal manures
and urine (Halling-Serensen et al., 2001; and Sukul et al., 2009). Typically, animal
manures are used as organic fertilizers to enrich soils, improve nutrient contents/cycling
as well as this being a suitable method for waste disposal (Potter et al., 2010). A
consequence of doing so, however, is the potential spread of veterinary medicines into
the environment (Kuchta et al., 2009; Lee, 2010; Kim et al., 2011; Nguyen Dang Giang
etal., 2015; Bogaard et al., 2013; Balzer et al., 2016; and Martinez-Carballo et al., 2007).
This is of concern given societal impacts such as antimicrobial resistance as well as
impacts on terrestrial and aquatic ecosystems (Thiele-Bruhn and Beck, 2005; Liu et al.,
2009; and Joy et al., 2014). Due to the aforementioned environmental risk of veterinary
medicines, the environmental risk assessment was implemented under directive

2004/28/EC (EMEA, 1997; VICH, 2000; VICH, 2003; and EMA, 2016).

Laboratory manure degradation trials are often conducted to assess the degradability of
veterinary medicines during on-farm storage (EMA, 2011). Briefly these studies analyse
the concentration of the analyte over time, typically 120 d but this is dependent on the
veterinary medicine (EMA, 2011). Such assessments are essential to understand the
concentrations of veterinary medicines that are applied to land; during storage veterinary
medicines are subject to varying dissipative processes such as microbial mineralization,
sorption, and hydrolysis which have the potential to reduce the parent compound
concentration (Lamshoft et al., 2010). Currently, there is variability in reported veterinary
medicine degradation rates within manures; this is most likely attributed to differences in
slurry properties and the unknown effect this has on degradation rates (Kreuzig, 2010;
EMA, 2011; and Wohde et al., 2016). For example, degradation rates (DTso) ranging
between <2 and 45 d have been reported for tylosin in pig manures (Loke et al., 2000;
and Berendsen et al., 2018). Despite reported uncertainty and variability within the
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literature, the use of just one manure per animal type is permitted within the risk
assessment. As a consequence, such assessments may result in bias and poor
environmental representativeness. We speculate that variability in properties such as

redox potential is driving this variability.

Manure properties are highly heterogenic due to differences in storage conditions, water
content, animal feed, age, usage of biocides as well as physical manure amendments
(Canh et al., 1998a, 1998b; Deng et al., 2007; Kreuzig, 2010; and Weinfurtner, 2011).
The redox potential of animal manures is highly heterogenic due to differences in
microbial processes (methanogenic vs aerobic) and the oxidative-reductive state is
governed and correlated with pH, temperature, moisture, and manure age (Singh, 2001).
For example, Park et al., (2006) investigated the influence of temperature and moisture
on redox and reported lower redox values within summer (— 333 mV) over winter (— 232
mV) as a result of increased microbial activity. Redox potentials of pig slurries are seldom
reported in the scientific literature, despite it being a requirement within manure
degradation trials under the risk assessment (— 250 mV to — 400 mV) (Weinfurtner, 2011,
EMA, 2011; and Wohde et al., 2016). When redox potentials are reported they range from
slightly aerobic-reduced values (i.e., +50 to — 189 mV) (Kolz et al., 2005; Kreuzig, 2010;
and Widyasari-Mehta et al., 2016) to more commonly reported anaerobic conditions (i.e.,

—285to —410 mV) (Lamshoft " et al., 2010; Richter et al., 2016; and Junker et al., 2020).

Redox potential of environmental matrices/wastes can be controlled to eliminate
contaminants such as nutrients, metals, organic matter, industrial chemicals, phenolic
compounds, and endocrine disrupters (Charpentier et al., 1987, 1998; and Dusing et al.,
1992; Goncharuk et al., 2010; and Ghernaout, and Elboughdiri, 2020). For example,
redox potential control is often utilized to treat wastewaters, with a series of anaerobic,
anoxic and aerobic phases being employed to establish biological nutrient removal (BNR)
(Akin and Ugurlu, 2005; Luo et al., 2002). During these phases differing microorganisms
dominate and result in varying biological processes which take place at specific ORP
ranges, which have also been outlined in animal wastes (Ribeiro et al., 2017). At +100 to

+350 mV nitrification occurs, at +25 mV to +250 mV sulphuration, at +50 to — 50 mV
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denitrification, at — 100 to — 225 mV biological phosphorus release occurs, and from —
175 to — 400 mV methane is produced (YSI, 2008). Moreover, aeration of wastewaters
is often utilized within membrane bioreactors to increase the transformation of emerging
contaminants (Yoon et al., 2004; and Sun et al., 2016). Given the benefits of redox
control, scientific interest has also considered its applicability for nutrient and odor
control within animal manures (Pain et al., 1990; Burton, 1992; and Bé¢line et al., 2004).
In the context of animal slurries nutrient control is often considered a desirable process
which can be facilitated with aeration (redox control), for example this process has been
shown to increase nitrification and reduce methane and ammonia losses (Calvet et al.,

2017).

Limited studies have considered redox conditions and veterinary medicine fate, although
Ali et al., (2013) demonstrated that the removal of tylosin in dairy lagoon sediment was
increased under aerobic (+350 mV) compared to reduced (— 100 mV) conditions and
Bachmann et al., (1988) reported that oxic conditions promoted degradation of A/B-
Hexachlorocyclohexane. These findings demonstrate the influence of redox potential on
veterinary medicine fate, however, very little is known with regards to the effect of a
range of anaerobic redox potentials in animal slurries (Wohde et al., 2016). It is essential
to understand this relationship to harmonise laboratory assessments and reduce variability
within the risk assessment; such an understanding would contribute to more accurate

assessments providing better environmental representativeness.

Until now the influence of anaerobic pig slurry redox potentials on veterinary medicine
degradation was largely unknown; this work aims to bridge this knowledge gap and
improve our understanding of variability within manure degradation trials. Controlling
the redox potentials of wastes and other environmental parameters has been troublesome
for researchers for some time. Previous redox control methods are available within the
literature; however, these methods are often costly, time-consuming, and complex
(Patrick et al., 1973; and Chuan et al., 1996). Controlling systems primarily consisted of
self-constructed platinum electrode probes and a relay system which is comprised of a
complex self-made calomel half-cell, millivolt meter and meter relay (Chuan et al., 1996;

Carbonell-Barrachina et al, 2000; Lissner et al., 2003; Hjorth et al., 2012; and Ali et al.,
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2013). Moreover, the systems typically utilize a magnetic stirrer to distribute the oxygen
into the matrix solution (Yu and Rinklebe, 2013). Here we present a pragmatic and cost-

effective means for redox control.

3.1 Methodology

3.1.2 Chemicals

All chemicals and solvents were of the highest available purity (94-98%). NaOH,
Na;EDTA, citric acid and di-sodium hydrogen orthophosphate were purchased from
Fischer Scientific (UK). Numerous veterinary medicines with a broad range of
physiochemical properties (i.e., sorption parameters, octanol-partition coefficient, pKa
and solubility) were selected for use within the experiment (SI Table C1). Florfenicol and
sulfamethoxazole were purchased from VWR (UK), whilst acetyl-salicylic acid (ASA),
oxytetracycline (OTC), ceftiofur (CFT) and tylosin tartrate (TYL) were purchased from
SLS (UK). 0.1 M Na;EDTA-Mcilvaine buffer 50:50 (pH 4) was prepared by mixing
614.5 mL of 0.1 M citric acid, 385.5 mL of 0.2 M disodium orthophosphate and 500 mL
0.1 M Na,EDTA. Redox probes were calibrated using a +220 mV checking solution from
Mettler-Toledo (Sigma-Aldrich, UK). Matrix matched standards were used to quantify

the analytes; these were prepared on the day of the extraction.
3.1.3 Manure sampling and properties

Fresh pig manure was sampled from fattening pigs at a farm in Welburn, York
(54°05'31.2"N; 0°53'03.0"W), and then stored at 3 °C for a maximum of two weeks. A
low storage temperature was selected to reduce the anaerobic content of pig manures;
thus, allowing the desired redox potential to be easily manipulated prior to the acclimation
period. This deviates from the guidance document EMA (2011), to rectify this issue the
pig slurries were acclimated for 2 weeks at the desired redox potential prior to dosing.
The pigs had not received any of the selected veterinary medicines used within this study.
The manure was homogenized and moisture was corrected to a dry weight of 5% (EMA,

2011).
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In order to characterise the dissolved fraction of the slurry it was centrifuged at 3250 rpm
for 2 h and decanted, before the supernatant was collected and sequentially filtered
through varying filter grades. The filtering sequence was as follows; G/F Whatman, 1 Ps
filter paper, 20 um GF syringe filter then a 0.45 um nylon syringe filter. Dissolved carbon
and nutrients were then analysed using a Analytik Jena Multi NC2100 (carbon) and
Autoanalyzer (nutrients). Manure was sampled twice in order to repeat the experiment
(replication), (see Table 3.0 for reported manure characteristics). The properties of the
manures utilized within the studies were in-line with one another, an exception of this is
redox potential although this is unimportant given that redox was specifically

manipulated within the study.

Table 3.0: Pig slurry property data for manures collected for both replicates of the
study, the data displayed demonstrates the dissolved available fraction of the

slurry.
Slurry Sample Starting  redoxpH DOC, DIC (mg/L) NH,*, NO, (mg/L) PO, (mg/L)
(mV)
14/01/2021 -278 7.3 2578.71+8.05, 276.44+1.7,1.27 19.95+0.14
656.92+0.68,
20/02/2021 -412.7 7.4 2838.36+£13.41, 523.34+£8.1, 12.39+0.027
267.36+1.68, 0.40+0.033

Footnote: Dissolved organic carbon (DOC) and Dissolved Inorganic carbon (DIC).

3.1.4 Bioreactor and redox control
In order to control the anaerobic redox potentials of pig slurry bioreactor vessels were

designed using 2000 mL wide neck Erlenmeyer flasks which were sealed using 62 mm
rubber bungs (Figure 3.0 and Figure 4.0). The bung contained four holes made from
food grade Nalgene tubing in the top to facilitate aeration, nitrogen purging, air outlet,
and sample retrieval. A OCS. tec GmbH & Co. KG ORP controller containing a
platinum electrode was used to maintain the redox values, the specifications of this
controller were —1000 mV to +1000 + 0.2 mV. The ORP controlling system was
connected to an air pump via a plug and when the redox potential value dropped below
the desired ORP value (mV) (- 100mV or -250 mV) the pump automatically turned on
aerating the vessels and increasing the redox potential. Dependent on the treatment both

nitrogen and air were fed through a humidifier which consisted of a glass vessel and
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porous stone which was used to reduce the sample from drying out. The electrodes were
installed into the system at 8 cm depth and a glass rod was used to hold this in place as
substantial movement reduced a false redox potential reading. Within the duplicate
vessel a WTW xylem platinum redox potential probe was utilized to ensure redox
potentials were uniform between the replicates (checks were undertaken twice a day).
An aquatic airflow manifold was used to evenly distribute the rate of aeration between
both vessels (Figure 3.0). The system was set up on a rotary bed shaker that was used
to homogenize the sample and distribute oxygen throughout the entire sample. The
rotary bed shaker was set to 30 rpm throughout the study duration, although prior to

sample retrieval the sample was homogenized at 120 rpm for 30 s.
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Figure 3.0: Schematic drawing of the experimental rig used to control redox
potential. Three treatments of this design were simulated in tandem.

SI Figure 3.1: Picture displaying the experimental system for controlling the redox
potential of pig slurry to -100mV (A) -250mV (B).
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3.1.5 Experimental conditions
Three treatments of pig slurry were assessed with the selected redox potentials within the

anaerobic range defined by OECD 307 and EMA (2011): =100 mV (reduced), —250 mV
(anaerobic) and —400 mV (very anaerobic). The tolerance of these redox potentials was +
50 mV throughout the duration of the study. The treatments were achieved using the
following: reduced (—100 mV) was achieved with intermittent aeration, anaerobic
(=250 mV) incorporated nitrogen at 8 cc's with a similar aeration system as reduced, and
very anaerobic (—400 mV) utilized nitrogen (10 cc's) to purge the system of oxygen. The
bioreactors were maintained at the desired redox potentials for two weeks prior to dosing
with antibiotics; this acclimation period allowed the microorganisms present to adjust to
the conditions. There is strong evidence that the microbial dynamics would have
transitioned in this timeframe (Hanajima et al., 2011). The time taken for the redox
treatments to reach the desired values was 2-3 d which was not included in the
acclimation period as this reflected a time where the redox values were not stable. The
moisture content of the slurries were adjusted every 2 days to ensure that the treatments
were consistent. The experiment was kept in the dark (foil coating) at 20 + 2 °C for the
duration of the study and repeated twice in order to obtain sufficient replicates for
statistical comparisons (n = 4). There was a control per each treatment which was also
used to make the blank matrix for the calibration standards. The selected temperature was
monitored using a tinytag datalogger and was deemed an appropriate range under the
current manure degradation guidance document for pig slurries (EMA, 2011; OECD,

n.d.).

Veterinary medicine dosage concentrations were derived using the Spaepen et al.,
(1997) model. The dosage concentrations selected were at 1/5% of the calculated
Predicted Environmental Concentration (PEC) to avoid any significant inhibition of the
microbial populations within the pig slurry (SI Table C2). Moreover, CFT was dosed at
2/5th of the PEC due to sensitivity issues of this analyte. The study was conducted over
14 d and the given timepoints were O h, 2 h, 6 h, 12 h, 24 h,48 h, 3 d, 7d and 14 d.
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3.1.6 Sample extraction and analytical technique

At the given timepoint 12.5 mL of slurry was retrieved from the bioreactor using a pre-
installed outlet which was connected to a vacuum pump (Figure 1). After each timepoint
5 mL of deionized water was used to clean the tubing to remove any contaminants.
12.5 mL of 0.1 M Na,EDTA-Mcilvaine buffer was added to the slurry sample and shaken
using a rotary bed shaker at 250 rpm for 20 min, the sample was then centrifuged at
3250 rpm for 20 min at 4 °C. The extraction was repeated twice, and the supernatants
were combined. Samples were then filtered to 0.2 um and stored at —20 °C prior to
analysis. Extraction efficiencies of the six analytes at 1%, 10% and 100% of the dosage
concentration were calculated (SI Table C3). The majority of the compounds met the
SANCO 3029 recovery criteria (<70%) at the 100% dose, an exception to this was CFT
which did not meet the requirements at any dosage level. Due to sensitivity issues, TYL

failed the criteria at 1%, however still met the 10% criteria.

Veterinary medicines were analysed using a SCIEX Triple Quad 5500+ LC-MS/MS
System. The analytical method comprised of using a Phenomenex Kinetics XB-C18
column (50 x 2.1 mm) at a set temperature of 40 °C and the mobile phases consisted of
0.1% formic acid (aqueous) and 0.1% formic acid in methanol. The method had a 30 pl
injection volume, the flow rate was set to 0.4 mL/min, and the chromatographic duration
was 11 min. The gradient was a reversed phase and consisted of the following organic
gradient percentages, 0 min (0%), 3 min (90%), 8 min (90%), 8.1 min (10%) 11 min
(0%). Please see the SI Table .4 for additional mass spectrometer details. Analyst 1.6 was
utilized to process the data as well as to quantify the concentrations based on a calibration

curve (< 95%).

3.2 Results

The majority of the assessed veterinary medicines (ASA, CFT, FLO, SMX and TYL)
were found to be impersistent within pig slurries (Hollis, 1991). An exception was OTC
which was found to be persistent, and the study duration was too short to fully assess the

degradability of OTC under varying redox potentials. All of the assessed veterinary
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medicines followed Single First Order degradation kinetics. The influence of redox
potential on the degradation rates of selected veterinary medicines was found to be
compound specific (Figure 3.1 and Table 3.1). Reduced conditions (—100 mV) were
found to inhibit the degradation of CFT, FLO, OTC and SMX over that of both anaerobic
and very anaerobic (-250 and —400 mV) (p <0.05) (Figure 3.1). Inhibited FLO
degradation under reduced conditions resulted in a calculated DTs, two times that of very
anaerobic, the DTs values being 22.22 h at —400 mV and 49.8 h at —100 mV. Similarly,
SMX degradation rate was stunted under reduced conditions over that of very anaerobic;
the degradation rate constant (k) was found to be over 2 times larger (i.e., £ 0.007377 at
100 mV and 0.01956 at -400 mV). Such inhibition drove differences within the
calculated DTs values, these were 35.4 h and 94 h (p <0.05). Moreover, a significant
effect between very anaerobic and reduced conditions was also observed for CFT and for
OTC (Figure 3.1 and Table 3.1) (p <0.05). Only a minor difference was observed
between the degradation rates of OTC, which would suggest that a longer study duration
is required to assess this relationship (k£ 0.005303 at —400 mV and 0.003306 at —250
mV).

Comparatively, TYL degradation rate was stunted by a factor of 2.8 under very anaerobic
conditions over reduced, this resulted in DTs, values of 6.88 h at =100 mV and 19.4 h
at —400 mV (p <0.05). No significant differences were observed between the anaerobic-
reduced treatments for the majority of the assessed veterinary medicines, an exception of
this was FLO for which, under reduced conditions, a DTs of 49.8 h was reported
compared to 29.6 h under anaerobic (p <0.05). The degradation rate of ASA was
unaffected by redox potential and the persistence of this compound was short lived (

Figure 3.1).
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Figure 3.1: Degradation of veterinary medicines under varying anaerobic redox
potentials over time.
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Table 3.1: Collated degradation parameters of veterinary medicines within pig
slurry under varying anaerobic redox potentials.

Degradation  Redox Acetylsalicylic Ceftiofur  Florfenicol Sulfamethoxazole Tylosin Oxytetracycline
Parameter potential acid
-100 mV 1.84 3.61 49.8 94 6.88 211
(reduced)
DTs (hours)
-250 mV 1.87 4.28 29.6 80.5 9.58 210
(anaerobic)
-400 mV 0.71 1.35 22.22 354 19.4 131
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(very

anaerobic)

-100 mV 0.3767 0.2071 0.01392 0.007377 0.1007 0.003288
k degradation  (reduced)
rate constant
-250 mV 0.3706 0.1717 0.02338 0.008615 0.07233 0.003306
(anaerobic)

-400 mV 0.9812 0.5132 0.03128 0.01956 0.03574 0.005303

(very

anaerobic)

3.3 Discussion

3.3.1 Redox potential control

The test system showed appropriate control throughout the duration of the study as a
tolerance of 50 mV was achieved (28 d) (SI Figure C1); this was also achieved within
the replicate study (total duration was 56 d). There are publications detailing experimental
details for redox control of environmental matrices, however, these typically utilize a
methodology that was devised via Patrick et al., (1973). This system has proved to work
and has been adopted for a range of environmental matrices (Willis et al., 1974; Chuan
et al., 1996; Carbonell-Barrachina et al., 2000; Lissner et al., 2003; Hjorth et al., 2012;
and Ali et al., 2013), however this design is arguably outdated, expensive and requires
sufficient knowledge in electrical rewiring. Typically, these utilized a magnetic stirrer to
distribute the oxygen throughout the matrix although through a series of developments it
was obvious numerous complications can arise with this. For example, the magnetic flea
would often get stuck and redox control would be lost (Yu and Rinklebe, 2013),
moreover, cheaper magnetic stirrers can also produce heat over long durations of use
which is problematic for degradation assessments. There is no evidence within the
literature to suggest redox control has been achieved on pig slurries; there is also no
defined methodology that would be deemed suitable to control redox potentials of slurries

during degradation assessments that meet the EMA, (2011) criteria.

170



-171 -

Here we have demonstrated a cheap and effective means to control the redox potential of
pig slurries; the presented system design could also be adapted for use in other
environmental matrices such as water, wastewater, sludges, and soil solutions. The
system was maintained at the desired redox potential throughout the duration of the study,
although, to do so it is paramount to take care in the construction and development of the
system to obtain an experimental apparatus that remains functional and within tolerance
for the duration of the experiment. For example, to replicate redox conditions in two
vessels, it was critical to evenly distribute the airflow between the vessels; this was shown
to work well using the aquatic air manifold. One of the major issues with the system was
the durability of the redox probes, during the development of this system it was apparent
false readings can result in excess aeration. To overcome this issue, we would suggest a
more robust redox probe that could connect to the controller, which could be achieved
using a Bayonet Neill-Concelman (BNC) adapter, or alternatively spare probes and a
thorough cleaning process (i.e., fine grain sandpaper and acetone). The position of the
ORP probes was at 8 cm depth and secured to the side of each vessel and it was paramount
to ensure these positions were the same given what is known regarding the influence of
depth on ORP readings (Yu and Bishop, 2001). Moreover, the positioning of the aeration

inlet was centred within the vessel, ensuring that aeration did not affect the readings.

3.3.2 Veterinary medicine fate
The degradation rates of SMX, TYL and CFT under very anaerobic conditions were

found to be in line with previous assessments within pig manures and pig slurries, for
example the following DTso values have been reported, SMX 2.6 d, TYL <2 d and CFT
~2 h (Gilbertson et al., 1990; Loke et al., 2000; and Berendsen et al., 2018). The
degradation rates of OTC and FLO under all redox treatments were reported to deviate
from previous assessments in pig slurries, Blackwell et al., (2005) reported a DTso of 79
d for OTC and Junker et al., (2016) calculated a DTso of 0.17-0.41 d for FLO. We

speculate this to be related to the unique experimental design.
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3.3.3 Redox potential and degradation rate
Based on the current literature we can speculate that a number of processes could be

contributing to the differences in degradation rates observed under varying redox
potentials. The pH values at each redox treatment were similar (8.3—8.5), therefore
differences in degradation rates are unlikely to be related to adsorption via ionic charge
and the pKa of the chemical. There is however compelling evidence of increased
adsorption rates of 2,4,6-Trinitrotoluene and pentachlorophenol to soil sediment
suspensions under oxidized conditions (Gambrell and Patrick. 1988; and Pennington and
Patrick, 1990). The reasoning for this is generally unknown and suggests further research
is required to understand this relationship (Price et al., 2001; Dorival-Garcia et al., 2013).
Furthermore, biotic processes are the predominant degradation processes for these
analytes, therefore it is unlikely that adsorption mechanisms resulted in the variation of
degradation rates with differing redox potentials (Liu et al., 2010; Fan et al., 2019). Future
work could be aimed at conducting abiotic assessments to ascertain the influence of
microbial mineralization on the degradation of veterinary medicines under varying redox

potentials.

It is evident from the dataset and the available literature that redox potential has a
compound-specific effect on contaminant fate within the environment. For example, de
Souza et al., (2014) found anaerobic activated sludge biomass to promote the degradation
of norfloxacin over that of aerobic due to mineralization rates. To further this point, DDT
is known to degrade faster under anaerobic conditions whereas kepone and permethrin
degrade faster under aerobic/reduced conditions (Gambrell and Patrick, 1988). Given
what we know regarding degradation processes of the assessed analytes we consider it
sensible to speculate that increases in degradation rates are attributed to the greater
mineralization efficiency of methanogenic bacteria. We suggest that reduced conditions
have greater microbial diversity as indicated via the biochemical processes that occur at
this specific ORP value (denitrifying, sulphate-reducing, and phosphorus degrading
bacteria) (YSI, 2008), but overall reduced microbial abundance of specific degraders
(methanogens and sulphate-reducing bacteria), thus resulting in poor removal rates for

SMX, CFT, and FLO.

172



- 173 -

Pig slurries with redox values from — 250 mV to — 400 mV are typically comprised of
methanogenic and sulphate reducing microbial populations (Jang et al., 2021). Given that
microbial mineralization is the primary degradation process for SMX and FLO it is highly
likely that these populations are responsible for the differences seen in degradation rates
(FDA, 2013; Alvarino et al., 2016). Interestingly anaerobic conditions have previously
been observed to promote the degradation of these compounds over that of aerobic
(Richter et al., 2016; Ouyang et al., 2019; and Alvarino et al., 2016). Ouyang et al., (2019)
reported an increase of SMX degradation in anaerobic sludges over that of aerobic
(nitrate-reducing conditions) and attributed this to the presence of sulphate-reducing-
bacteria (Desulfovibrio Vulgaris). Moreover, similar findings were reported via Jia et al.,
(2017) who investigated the degradation of SMX within a Sulphate Reducing Bacterium
(SRB) sludge reactor and stated removal rates were enhanced via the presence of
Clostiridum sp. These bacterial strains are considered SMX degraders and are also
abundant within pig slurries (Cook et al., 2008; Cook et al., 2008; and Karnachuk et al.,
2021). These findings are further supported via a comprehensive assessment presented
via Alvarino et al., (2016) who investigated '*C-SMX degradation within sludges at
varying redox potentials. The authors concluded under anaerobic conditions microbial
mineralization and to a lesser extent adsorption were greater than that of aerobic nitrifying
conditions. The respective Kpio-1 and Kq values were 0.08 L/g vss d (volatile suspended
solids per day) and 40 L/kg under anaerobic conditions and 0.01 L/g vss d and 7 L/kg
under aerobic conditions. Conversely aerobic/oxic conditions have been reported to
increase the biodegradation of SMX within granular/suspended activated sludge,
wastewater, and soils, although these matrices differ greatly to that of pig slurries (Liu et

al., 2010; Poirier-Larabie et al., 2016; and Kang et al., 2018).

Compared to SMX and FLO, TYL is susceptible to greater degradation under reduced
conditions, which could be a result of greater microbial mineralization via denitrifying
bacteria. Similar findings were reported by Ali et al., (2013) who observed a similar effect
of redox potential on the degradation of TYL within dairy lagoon sediment, for example,

they found TYL to fully degrade in 4 d under aerobic conditions (+350 mV), whereas
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under reduced (— 100 mV) it took 20 d. Moreover, similar trends have been reported in
Loke et al., (2000), Kolz et al., (2005), and Seo et al., (2018), where aerobic conditions
promoted TYL degradation in pig slurries. Microbial transformation has been suggested
to be the predominant process which affects TYL degradation under varying oxygen
levels (Ali et al., 2013; and Loke et al., 2000). However, Kolz et al., (2005) stated that
adsorption mechanisms may have also contributed. It remains unclear whether adsorption
mechanisms contribute towards these differences. Sodium azide was used as a sterilant
within these studies although its effectiveness is questionable given the loss of potency
that was observed via Ali et al., (2013) when using sodium azide to conduct abiotic-biotic

degradation assessments.

3.3.4 Implication of scientific findings
The results clearly demonstrate that redox potential has a significant effect on the

degradation rates of veterinary medicines. A compound specific effect was observed,
suggesting that aeration of slurries for odour and nutrient control need to be considered
in regards to pharmaceutical fate. Moreover, it is clear from the dataset that there were
differences in the degradation rates for the assessed veterinary medicines across a range
of redox potentials that are deemed acceptable under the current manure degradation
guidance documents and OECD guidelines 307/308 (EMA, 2011; OECD, 2002a,b).
OECD 307/308 states anaerobic conditions are achieved at redox potentials of < -100
mV, which highlights the implications of greater variability. Thereof presenting the
requirement for more stringent redox control during manure degradation assessments or
to conduct such experiments on numerous manures with differing properties. The
consequence of utilizing such a wide range of redox potentials within manure degradation
assessments means that such laboratory assessments may inadequately predict the

concentrations applied to land.

In order to assess this relationship a Phase II risk assessment was conducted on the
selected antibiotic compounds (VICH, 2003). Differences in the degradation rates of

SMX under varying anaerobic redox potentials was found to result in differences in the
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identified risk towards terrestrial and aquatic organisms (Table 3.2). The environmental
risk assessment for veterinary medicines utilizes a Risk Quotation (RQ) approach (RQ =
PEC/PNEC) with an RQ > 1 suggesting there is an environmental risk (VICH, 2003).
The differences observed between anaerobic redox potentials and subsequent degradation
rates resulted in a range of refined PEC values and thus the risk. For example, under very
anaerobic conditions the RQ for both the terrestrial and aquatic assessments was < 1,
indicating no environmental risk. However, under anaerobic and reduced conditions
within the terrestrial assessment the calculated RQ was > 1, this was also found to be true

for the reduced conditions within the groundwater assessment.

Under reduced and anaerobic conditions, the calculated PECsoil refined for SMX were 32.06
pg/kg and 14.6 ng/kg respectively, when these were compared to the PNEC of the most
sensitive terrestrial species and endpoint (rice germination) a risk was identified (Liu et
al., 2009). The FOCUS PEARL modelling suite was used to predict the concentrations
of SMX that would be leached into groundwater following the application of manures
that were stored under varying redox potentials. As a result of the inhibited degradation
under the reduced condition the PECgoundwater refined was 0.079 pg/L, whilst for
anaerobic this value was 0 pg/L (FOCUS, 2014). Due to the greater groundwater
exposure a risk (RQ > 1) was identified towards two cyanobacteria species
Synechococcus leopoliensis and Microcystis aeruginosa (Ferrari et al., 2004; Liu et al.,
2009 and Liu et al., 2012). This assessment demonstrates that the acceptable range of
redox potentials within manure degradation assessments can drive differences within the

identified risk.

Table 3.2: Environmental risk assessment risk quotients using the refined PEC
values that were generated using the derived degradation data for
sulfamethoxazole.

Veterinary  Ecosystem  Redox PEC Target species  Ecotoxicological End PNEC RQ Reference
medicine potential  refined data point  (AF

(g/kg applied)
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or

Hg/L)
Terrestrial  -100 mV ~ 32.06 Rice Germination 10 3.206

Ha/kg
Terrestrial  -250 mV ~ 14.6 Rice Germination ECu 10 1.46 Livetal,

Hg/kg 100 (2009)
Terrestrial ~ -400 mV  0.01 Rice Germination Hg/kg 10 0.001

Horkg
Aquatic -100 mV  0.079 Synechococcus ~ Growth 0.027 2.92

pg/L leopoliensis
Aquatic -250 mV  0.012 Synechococcus  Growth 0.027 0.45 .

ECso Ferrari et
SMIX pg/L leopoliensis N/A al., (2014)
Aquatic -400mV ~ Opg/L  Synechococcus — Growth 0.027 0
leopoliensis

Aquatic -100 mV  0.079 Microcystis Antioxidant 0.04 1.975

pg/L aeruginosa response
Agquatic -250 mv  0.012 Microcystis Antioxidant EC 0.04 0.31 Liuetal,

pg/L aeruginosa response 40 (2012)
Aquatic -400mV 0 ug/L Microcystis Antioxidant Hg/L 0.04 0

aeruginosa response

Footnote: Bold = RQ > 1. As per the current regulatory guidance assessment factors were applied to the
toxicological endpoints to derive the PNEC. An assessment factor of ten was applied to the terrestrial effect
data (EC10) and for aquatic a factor of one thousand was applied (ECso) (VICH, 2003).

Due to seasonal variations within redox potentials and pig slurries, it is a possibility that
degradation rates would differ between the summer and winter months (Park et al., 2006).
For example, reduced methanogenic activity (i.e., elevated redox potential) during the
winter months would inhibit FLO and SMX degradation; ultimately this would result in
a greater environmental exposure and risk. Furthermore, the winter manure application

timing is arguably the most important, increased volume of manures are often reported
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due to the closed application period (October—January), increased housing, as well as
increase precipitation for open lagoons, for example storage overflow contributed
towards 24% of manure spills within Towa (1992-2002) (Burkholder et al., 2007; and
Armstrong et al., 2010). This phenomenon could result in excess environmental exposure
during this application event (DEFRA, 2010). This is of course a concern regarding the
reduced microbial activity within soils during these months, which would result in greater

persistence and environmental concern (Srinivasan and Sarmah, 2014; and Bansal, 2012).

3.4 Conclusion
The presented study demonstrates a cost-effective means of controlling redox potentials

within laboratory scale experiments. Improved accessibility for redox control could result
in further research and understanding regarding the influence of redox potentials on
contaminant fate. The derived data regarding the fate of veterinary medicines under
anaerobic redox potentials was significant and compound specific. Given what we now
know regarding anaerobic redox potentials and veterinary medicine fate it is clear that, in
order to have uniform assessments, tighter redox potential control is required. Under the
currently available manure degradation guidance and OECD documents the acceptable
range of anaerobic conditions is — 230 to — 400 mV and >-100 mV respectively, here we
demonstrate such a range can drive differences within the outlined risks towards aquatic
and terrestrial organisms. Therefore, it is critical to harmonise manure degradation
protocols at an EU or OECD level, during the development of such guidance we would
suggest the usage of a range of slurries and redox potentials. Not doing so will continue
to contribute to inaccurate predictions of environmental exposure. Furthermore, until now
the influence of aerating pig slurries on the degradation of a broad range of veterinary
medicines was unknown. This work highlights that such manure processing techniques
could in fact reduce the degradation of veterinary medicines which would in return

increase the exposure of the environment.
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Influence of manure application method on veterinary medicine losses
to water
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Abstract

Veterinary medicines are routinely used within modern animal husbandry, which results
in frequent detections within animal manures and slurries. The application of manures to
land as a form of organic fertiliser presents a pathway by which these bioactive chemicals
can enter the environment. However, to date, there is limited understanding regarding the
influence of commonly used manure application methods on veterinary medicine fate in
soil systems. To bridge this knowledge gap, a semi-field study was conducted to assess
the influence of commonly used application methods such as, broadcast, chisel sweep,
and incorporation on veterinary medicine losses to waters. A range of veterinary
medicines were selected and applied as a mixture; these were enrofloxacin, florfenicol,
lincomycin, meloxicam, oxytetracycline, sulfadiazine, trimethoprim and tylosin. All the
assessed veterinary medicines were detected within surface runoff and leachates, and the
concentrations generally decreased throughout the irrigation period. The surface runoff
concentrations ranged from 0.49 to 183.47 ug/L and 2.26 to 236.83 pg/L for the bare soil
and grass assessments respectively. The leachate concentrations ranged from 0.04 to
309.66 pg/L and 0.33 to 37.79 pg/L for the bare soil and grass assessments respectively.
More advanced application methods (chisel sweep) were found to significantly reduce
the mass loads of veterinary medicines transported to surface runoff and leachate by 13-
56% and 49-88% over that of broadcast. Incorporating pig slurries reduced the losses
further with surface runoff and leachate losses being 40-97% and 66-94% lower than
broadcast. Our results show that manure application techniques have a significant effect
on veterinary medicine fate in the environment and as such these effects should be
considered in the decision-making processes for the management of manures as well as

from a risk mitigation perspective for aquatic compartments.
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4.0 Introduction

As a result of the intensification of animal husbandry veterinary medicines are routinely
administered to improve and protect animal health, however, in some regions sub-
therapeutic concentrations of antibiotics are used for growth promotion (Gaskins et al.,
2002; Dibner and Richards. 2005; Sarmah et al, 2006 and Subbiah et al, 2011).
Administered veterinary medicines are typically excreted in high concentrations which
can result in their direct application to land; or following the use of animal manures as
organic fertilizers, veterinary medicines can also become incorporated within the soil
matrix (Thiele-Bruhn 2003; Carvalho and Santos, 2016; and Xu et al.,, 2020). These
processes directly result in the exposure of veterinary medicines to the terrestrial
environment (Kim et al., 2011). Moreover, there is the potential for veterinary medicines
to be present in runoff, which has likely resulted in the contamination of surrounding
surface waters (Kay et al., 2005a, Kreuzig et al., 2005; Pinheiro et al., 2013; and Mili¢ et
al., 2013). Concentrations of veterinary medicines in the ranges of ng/L to pug/L have
previously been reported in surface waters surrounding agricultural fields following
rainfall events (Kasprzyk-Hordern et al., 2008; and Boxall, 2004). The biological potency
of veterinary medicines and their transformation products presents several risks including
contributing to the development of antimicrobial resistance and endocrine disruption, as
well as effects on non-target terrestrial and aquatic organisms (Shao et al., 2018; Heuer
et al, 2011; Ingerslev et al., 2003; and Kemper., 2008). Joy et al., (2014) demonstrated
the capability of antimicrobial resistant genes to form and persist during the storage of
manures. Specifically, 10 mg/kg of tylosin was detected within pig slurries which was
found to degrade rapidly (DTse/half-life 9.7 d), but even when the concentration of tylosin
dropped to 0.1 mg/kg the relative abundance of the antimicrobial resistance gene erm(B)

remained at 50-60%.

The ability for veterinary medicines to be mobilised within runoff following manure
applications has been demonstrated, for example early research conducted by Kay et al.,
(2005a) established that sulphachloropyridazine and oxytetracycline can be transported

via runoff following the application of pig slurry, with concentrations detected in
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overland flow at 703.2 pg/L and 71.7 pg/L respectively. Similar findings have been
reported for a wide range of antibiotics from differing classes with varying physical-
chemical properties. For example, field studies and semi-field trials have reported tylosin,
chlortetracycline, oxytetracycline, sulphadiazine, sulphathiazole and sulphadimidine
concentrations within runoff following the application of manure to land (soils and
grasses) (Burkhardt et al., 2005; Blackwell et al., 2007; and Dolliver and Gupta, 2008).
Moreover, a comprehensive runoff assessment conducted by Kreuzig et al., (2005)
revealed 13-28% of the applied sulphonamides were present within runoff following 2 h

of simulated rainfall at 50 mm/h.

Various processes govern the formation and rate of runoff generated following manure
applications; some examples include tractor tramlines, manure properties/type, soil type,
compaction, timing, and application method (Kay et al., 2005a; Smith et al., 2007; Rotz
etal.,, 2011; and Le et al., 2018). The ability for advanced applicators to reduce nutrient
loses via runoff or volatilization has been known for some time (Maguire et al., 2011).
For example, Rotz et al., (2011) demonstrated a reduction of 48% and 70% for nitrogen
and phosphorus respectively when shallow injection technologies were utilised over that
of broadcast. Advanced manure application technologies are now being utilized to
improve the retention of nutrients and crop yields (Webb et al., 2010). Based on these
findings, it is likely that differences in manure application methods such as these will also

influence veterinary medicine fate, and ultimately run-off (Bittman et al., 2005).

To date, the ability for advanced manure application methods to alter veterinary medicine
exposure in surface waters has been demonstrated in a limited number of publications.
For example, Joy et al., (2013), and Le et al., (2018) observed greater chlortetracycline
runoff concentrations under broadcast application over that of injection/incorporation.
Subsurface injections and the incorporation of manures to soils were reported to reduce
runoff concentrations by 55 to 93%. Joy et al, (2013), also demonstrated that

antimicrobial resistant genes present in manures can also be mobilised via runoff
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following rainfall, this phenomenon presents a wider risk given the known societal risk

of antimicrobial resistance (Zainab et al., 2020).

Previous publications such as Blackwell et al., (2009), have demonstrated that soil
cultivation practices such as tilling can reduce sulphachloropyridazine leachate
concentrations by 16.6%, with similar findings reported in a field study conducted by
Dolliver and Gupta, (2008). The authors accredited this to an increase in soil surface area,
which in return increased adsorption complexes between veterinary medicines and
organic components. Despite current understanding of how soil cultivation can affect
veterinary medicine concentrations in receiving waters, there is, to the best of our
knowledge, no research that has considered the influence of injection technologies on the
leaching of veterinary medicines. It is important this knowledge gap is addressed given
previous concerns that injections can potentially promote the leaching of contaminants
(Rotz et al., 2011; and Fangueiro et al.,, 2015). Moreover, tillage usage is declining in
modern agriculture and shallow injection methods are becoming increasingly popular;
their popularity stems from a reduction in farmers’ time and money as no incorporation
(ploughing) is required (CTIC. 2004; Maguire et al., 2011; and Busari et al., 2015; and
Niles et al., 2019). Manure application method has been shown to influence the
concentration of veterinary medicines in run off, however we currently lack the
comprehensive understanding of surface runoff and leaching behaviours within soil and
grass settings which is required in order to accurately and representatively understand

risks associated with these exposure methods (Powell et al., 2011).

The aim of this study was to therefore assess the influence of a suite of manure application
methods on the environmental exposure of veterinary medicines to receiving waters.
Assessments were conducted on both bare soils and grasses to present a comprehensive
evaluation of real-life exposures. A semi-field experiment with simulated irrigation was
constructed, and the study encompassed a wide range of veterinary medicines, commonly

reported in the environment, with a broad range of physical-chemical properties.
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4.1 Methodology

4.1.1 Chemical and dosage concentrations

The veterinary medicines purchased were of the highest possible purity (94-99%).
Florfenicol (FLO), and meloxicam (MLX) were purchased from Fischer Scientific (UK).
Sulfadiazine (SDZ), tylosin (TYL) enrofloxacin (ENR), oxytetracycline (OTC),
lincomycin (LNC), acetyl-salicylic acid (AS) and trimethoprim (TMP) were purchased
from SLS (UK).

Pig slurry was dosed at the respective Predictive Environmental Concentration (PEC),
this was calculated using the Spaepen et al., (1997) model and utilized the highest
available administration dose within the Summary of Product Characteristics. Veterinary
medicines were dosed into pig slurries using methanol as a carrier solvent, and
concentrations were as follows: FLO 5.53 mg/kg, MLX 11.02 mg/kg, ENR 2.76 mg/kg,
OTC 4.97 mg/kg, LNC 3.65 mg/kg, SDZ 6.9 mg/kg, TMP 1.38 mg/kg, SA 6.65 mg/kg
and TYL 16.5 mg/kg (SI Table D1 for physical-chemical properties of the selected

veterinary medicines).

4.1.2 Box plots and irrigation rates

Box plots were constructed using plastic Eurostack containers at a 3° incline (600 x 400
x 220 mm), there were three replicates per treatment for both grasses and bare soils. The
boxes were amended to facilitate the collection of runoff and leachate (Figure 4.0), with
PVC guttering attached at the top and bottom to enable sample collection. In order to
achieve this, a 20 mm lip was removed from the front of the box and guttering was
attached, for leachate 10 mm holes were drilled into the base. Pea shingle gravel (20 mm)
was installed into each box to a depth of 5 cm and weed mesh used to promote leachate
flow for collection. Dry soil (sieved to <4 mm) was uniformly packed into the box using
a taper so that the bulk density of the soil was 1.3 g/cm?. The soils were then wetted to
saturation and left for 12 h after which additional soil was compacted into the box
resulting in a total of 42 kg of soil being used in each box. For the grass treatments turf
(Lolium Perenne) which was purchased from Inturf (UK) was laid onto the soil surface

and irrigated for one month prior to the experiment to allow the grass’ roots to establish.
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The grass was uniformly cut to 7 cm using shears prior to the experiment. A corrugated
plastic cover was installed (Figure 4.0) to prevent irrigation directly entering the runoff

collector.

Leachate™”

Figure 4.0: Schematic drawing of manure application box plots (chisel sweep) (A),
and a picture demonstrating the design in real-life (B). These box plots were
placed on wooden frames (100 x 50 and 35 cm). Runoff referred to the water
that did not infiltrate the soil but became overland flow whilst leachate refers
to the sample which infiltrated the soil profile and then was collected at the
bottom of the box.

Key: — Run off, ---» Leachate

4.1.3 Manure sampling, properties and application rates

Pig manure was sampled from a farm in Welburn, York, UK (54°05'31.2"N,
0°53'03.0"W) and the manure was then stored a 3°C for 1 week prior to the experiment.
The pigs had not received any of the selected veterinary medicines that were used within
the study. Manures were homogenised and the moisture was corrected to 5% dry weight
(EMA, 2011). Please see SI section A1 for the manure characterization methodology and
SI Table D2 for the manure properties. The soil utilized within this study was a clay loam
from Surrey (UK) which had an organic carbon content of 4.3%; the soil’s texture was

22% sand, 50% silt and 29% clay (parameters provided via the retailer Bourne Amenity

Ltd).

Prior to dosing the boxes were irrigated with water for 3h to saturate the soils. Pig slurry
containing the veterinary medicines was then applied to the boxes using a range of
application methods. The rate of pig slurry that was applied was consistent across all

treatments; specifically, manure was applied at 170 kg/N/ha which is typical of arable
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farming practice within the UK (DEFRA, 2010). This corresponded to 0.72 kg of pig
slurry per box; care was taken not to apply slurry close to the edge of the box plot to
minimize edge effect (Scm from the width and 2 cm from the top/bottom) (Williams et
al., 2019). The manure application methods were broadcast, chisel sweep and immediate
incorporation. Incorporation was not assessed within the grass treatments, this was
sensible given this practice does not occur on grasses often. The broadcast treatment
comprised of uniform application to the plots which was achieved using a watering can.
Incorporation utilized a similar method to broadcast, only the slurry was immediately
incorporated to 7cm depth using a trowel. To replicate the chisel sweep (shallow
injection) application technique a gouge was drilled into the soil profile using a wooden
stake; the dimensions of this were 3.8 cm deep and 3.4 cm wide. The drills were 14.3 cm
apart and there were two in total per plot. Irrigation of the plots was initiated 24 h after

slurry application (SI Figure 4.0D). There were 3 replicates per treatment and one contro.

4.1.4 Irrigation and sampling

The experiment was a semi-field assessment and was conducted within a polytunnel, this
enabled the appropriate control that was required for the comparisons between
treatments, including removal of external rainfall and irrigation drift. The box plots were
irrigated at a rate of Smm/h which is typical of heavy rainfall within the UK (DEFRA,
2002), this was achieved in cycles of irrigation (4 minutes off and 40 seconds on) and
validated utilizing a rain gauge (large plastic rain gauge - Geopacks). A solenoid valve
was attached to the water source and was controlled using a time dependent controller
circuit. Copper tubing was used to construct the irrigators; these contained a nozzle outlet
which created a fine mist. The irrigators were positioned in front of the boxes at height
of 1.5 m. Water was distributed evenly between the irrigators using a manifold
constructed using copper pipe fittings. The rates of irrigation were validated to ensure
that each box received the same rate of rainfall as well as being evenly distributed over
the soil profile, this was achieved utilizing 12 plastic cups to catch irrigation water over
the course of 5 minutes, acceptable tolerances were set to 10% (SI Table D 3-4 and SI
Figure D1). Runoff and leachate samples were collected in Schott bottles following three
irrigation events (day 1, 2 and 3) and consisted of three sampling points per day post

irrigation (30 mins, 75 mins and 135 mins). Samples were then filtered to 0.2 um using
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nylon syringe filters and fresh matrix matched standards were prepared. The standards
encompassed a range of concentrations (0.004 ng/mL to 0.87 ug/mL), it was crucial to
prepare these standards in the exact same matrix but also in parallel with the sample
preparation. This provides a more accurate assessment of the concentration within the
samples as it corrects for matrix suppression and the potential losses during storage.
Samples and freshly prepared calibration standards were then stored at 3°C prior to LC-

MS/MS analyses via direct injection.

4.1.5 Analytical technique

Veterinary medicine analysis was achieved using LC-MS/MS (SCIEX Triple Quad
5500+ LC-MS/MS system). The method consisted of using a HST3 column at a set
temperature of 40°C and the mobile phases were 0.1% formic acid (aqueous) and 0.1%
formic acid with 1 mM ammonium formate (methanol). The method utilized a 30 pul
injection volume and the flow rate was set to 0.4 mL/min. The total chromatographic
duration was 11 minutes, and the gradient was reversed phase. This consisted of the
following organic percentages; Omins (0%), 3mins (90%), 8mins (90%), 8.1mins (10%),
and 11mins (0%) (see SI Table D5 for full analytical details). Analyst 1.6 was used for

data processing and quantification.

4.1.6 Statistical analyses

Statistical comparisons were carried out using Minitab 18. An analysis of variance (two-
way) (ANOVA) was used to statistically compare the application methods and
concentration over time (mass=time*application technique). Tukey post hoc comparisons
were utilized within the ANOVA to distinguish differences between the application

methods. Statistical significance was reported at the 95% confidence level (p < 0.05).

4.2 Results

All of the veterinary medicines that were dosed into manures were detected within the

surface runoff and leachate from both the soil and grass assessments (Figure 4.1). The
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presented results in Figure 4.1 refer to the cumulative mass of veterinary medicines rather
than concentrations, this interpretation of the dataset was conducted to provide a better
comparison between the application methods. The absolute concentrations alone are
unable to account for the large differences within the generated sample volumes. This
was a result of the differences within soil hydrology’s, which drove differences within
the sample volumes between the application methods. For example, the incorporation
method produced lower leachate and runoff volumes than that of broadcast and chisel
sweep; this effect resulted in a high concentration being calculated. The concentrations
were still reported as this data provides a better demonstration of the environmental risk
but were not used within the statistical analyses, as it does not facilitate true comparisons

between the application methods.

4.2.1 Arable soils vs grass assessment

The volumes of runoff and leachate were comparable between the same application
methods conducted on arable soils and grass plots. The average total volume of runoff
generated from broadcast and chisel sweep ranged from 1.0 to 2.1 L and 1.6 to 2.0 L for
bare soils and grasses respectively (SI Figure D2-3 and SI Table D6-7). The average total
leachate volumes were also comparable amongst replicates; under bare soils broadcast
and chisel sweep methods the volume was 2.1 to 3.6 L and under the grass assessment
this was 2.9 to 3.0 L (SI Figure D4-5 and Table D6-7). The mass loadings of veterinary
medicines that were transported via runoff and leachate were slightly elevated under the
bare soil assessment over that of the grasses (Figure 4.1). For example, the percentage of
the nominal manure concentration that was transported in runoff and leachate ranged
from 0.0003 to 0.46% for bare soils and 0.0003 to 0.1% for grasses under all the assessed
application methods (Table 4.2).

4.2.2 Surface runoff vs leachate

Following the application of pig slurry and the sequence of irrigation events the volumes
of leachate for both the bare soils and grasses was generally higher but more varied than

that of surface runoff (SI Figure D2-5 and SI Table D6-7). Interestingly the percentage
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of the nominal manure concentration that was transported in runoff was significantly
greater than that of leachate for both bare soils and grasses (p < 0.05); MLX and TYL
were exceptions of this where the concentrations were slightly elevated within leachate

over that of the surface runoff via the broadcast method (Figure 4.1).

4.2.3 Veterinary medicine mass loads and concentrations under varying
application methods

Following the application of pig slurries to bare soils under varying methods, the
concentrations of veterinary medicines detected within surface runoff ranged from 0.49
to 183.46 ng/L (Table 4.0). The total percentage of the nominal veterinary medicine
concentration in manure that was transported via runoff was compound specific and
followed in the order of OTC<ENR<TMP<LNC<MLX<SDZ<TYL<FLO. FLO
exhibited the greatest percentage loss via runoff from bare soils, this was found to be
within a range of 0.08 to 0.21% for all assessed application methods (Fig.2 and Table.3).
Within the grass assessment the concentrations of veterinary medicines detected within
surface runoff ranged from 1.44 to 236.83 ug/L (Table 4.1). The susceptibility for
veterinary medicines to form runoff under the grass plots was similar to that of bare soils,
OTC<ENR<TYL<TMP<MLX<LNC<FLO. For both the soil and grass plots under all
application methods peak runoff and leachate concentrations were detected within the
first day of irrigation; generally, the concentration followed a decreasing trend over time

(Figure 4.1).

Within the bare soil assessment, the assessed application treatments were observed to
alter the soils hydrology and influence the total volumes of runoff that were generated,
these were 1.5, 2.1 and 1.0 L for broadcast, chisel sweep, and incorporation respectively.
Although the only significant difference was between broadcast and incorporation runoff
volumes (p < 0.05). The manure application treatments not only influenced the soils
hydrology but also the mass loadings of veterinary medicines that were detected within
surface runoff. Within the bare soil assessment, the greatest veterinary mass loads were
detected within surface runoff under the broadcast method, both chisel sweep and
incorporation were observed to be significantly lower than that of broadcast (p < 0.05)

(Figure 4.1 and Table 4.2). For ENR, FLO, LNC, and OTC, the cumulative masses within
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the chisel sweep surface runoff were significantly reduced over that of broadcast (p <
0.05). For example, ENR and OTC mass loads were reduced by 55% (447.9 to 990.0 ng)
and 83% (127.4 to 216.4 pg) respectively (Table D8-10). Conversely TYL runoff
concentrations were higher under the chisel sweep technique; this is likely a result of the
peak in the mass loads at 30 minutes (23.350 mg). The incorporation of manures
substantially reduced the veterinary medicine mass loads within runoff over that of
broadcast (p < 0.05); however, SDZ was observed to be an exception of this. For OTC,
ENR and TMP, reductions of 97%, 92% and 89% were observed (p <0.05). Incorporating
manures resulted in a surface runoff and leachate lag phase, for example no sample was

generated until the irrigation rate reached 6.25 mm/h (SI Table D6 and SI Figure D2-5).

Similarly, within the grass assessment the total surface runoft volume that was generated
under the chisel sweep technique was slightly elevated in comparison to that of broadcast
(1.6 to 2.0 L). However, no significant differences were observed between the veterinary
mass loads that were detected within surface runoff from the differing application
methods. There were however time specific differences observed between the application
methods (Figure 4.1). Under the chisel sweep method, the cumulative masses for all
assessed veterinary medicines (except for MLX) were elevated at 30 minutes when
compared to broadcast (p < 0.05). For example, the LNC concentration range was 88.7
to 40 pg/L. Moreover, the broadcast method exhibited greater mass loads over that of
chisel sweep when the irrigation rate reached 13.75 mm/h for MLX, 11.25 mm/h for TYL
and ENR (Figure 4.1) (p <0.05).

The application methods had little effect on the volumes of leachate that were collected
from bare soils, volumes of 3.6, 3.4 and 2.9 L were recorded for broadcast, chisel sweep
and incorporation respectively. The concentrations of all the veterinary medicines
detected within the bare soil assessment for all application treatments ranged from 0.5 to
309.7 ug/L (Table 4.0). The ability for veterinary medicines to leach was also compound
specific (Table 4.2 and Figure 4.1). TYL, MLX and LNC were readily leached following

the application of manure to soil, the percentage of the nominal manure concentration
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that was transported to leachate were, 0.25%, 0.096% and 0.08% respectively.
Comparatively OTC and ENR mass loads were minimal within leachate, the percentages
lost were 0.0014% and 0.005% respectively. Similar detections were made under the
grass assessment, these ranged from 0.3 to 1255.9 ug/L for all of the assessed veterinary
medicines (Table 4.1). The veterinary medicines most readily leached within the grass
assessment were FLO, LNC and TYL, with the average total percentages lost at 0.027%,
0.011% and 0.01% respectively (Table 4.3). Interestingly, TMP, SDZ and OTC exhibited
the lowest proportion to leachate under varying application methods to soils (Table 4.2

and Figure 4.1).

The veterinary medicine mass loads that were detected within bare soil leachate were
found to be the highest under broadcast application over that of both chisel sweep and
incorporation (Figure 4.1 and Table 4.3). Chisel sweep was found to reduce the leachate
concentrations over that of broadcast, although not all the observed differences were
significant. The mass loads of FLO, LNC and TYL within chisel sweep leachate were
60%, 63% and 88% lower than that of broadcast (p < 0.05). Incorporating manures
resulted in a greater reduction in the veterinary medicine masses that were detected within
leachate, ENR, LNC, and TMP were significantly reduced and their transfer to leachate
was reduced by 94%, 91% and 88% over that of broadcast respectively (p < 0.05) (SI
Table D10). No significant differences were observed between the leachate
concentrations that were detected within the chisel sweep and incorporation technique,
however by incorporating manures this reduced ENR and LNC concentrations by 83%

and 76% over that of chisel sweep (Figure 4.1 and Table 4.2).

Within the grass assessment few differences were observed between the application
methods and veterinary medicine mass loads within leachate; the total volume of leachate
was similar between both broadcast and chisel sweep (2.9 L and 3.0 L). However, all the
assessed veterinary medicines exhibited greater percentages lost under the broadcast
treatment over that of chisel sweep, for OTC and TYL the differences in cumulative

masses over time was significant (p < 0.05) (Figure 2). No difference between the
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application methods was reported for FLO, although some degree of difference was noted

(p = 0.065), this is likely attributed to the spiked in cumulative mass under broadcast

application that was observed at an irrigation rate of 6.25 mm/h (360.3 pg).

Table 4.0: The total concentrations of veterinary medicines transported from manured
soils into surface runoff and leachate.

Surface Runoff (ug/L)

Leachate (ug/L)

Irrigation
Veterinary Rate
Medicine (mm/hr) BC CS IC BC CS IC
2.5-11.25 2.34+0.34 0.54+0.13 1.48+0.33 0.47+0.14 0.04+0.007 0.02+0.009
ENR 13.75-22.50 3.00+0.31 0.56+0.06 0.18+0.03 0.07+0.02  0.12+0.04 0.00+0.0
24.15-32.90 1.72+0.39 0.50+0.12 0.06+0.03 0.05+0.02  0.07+0.02 0.02+0.004
2.5-11.25 31.77+£3.06 13.64+2.93  28.54+6.73 15.34+4.41  9.50+3.79  2.56+0.95
FLO 13.75-22.50 19.58+2.61 7.69+1.87 86.54+11.62 10.46+250 3.07+0.64  1.53+0.29
24.15-32.90 14.39+2.54 7.09£2.19  22.55+7.69 3.19+0.37  3.85+0.91 6.74+2.42
2.5-11.25 20.73+5.25 6.18+1.35 6.20£1.52 9.69£3.38  4.15+1.59  0.47+0.21
LNC 13.75-22.50 8.98+1.45 3.49+0.65  14.04+2.23 3.10+0.61 1.06+0.21  0.17+0.04
24.15-32.90 4.23+0.90 3.48+1.15 2.41+2.56 1.00£0.16  1.64+0.40 1.01+0.37
2.5-11.25 11.69+1.89 4.06+£1.15 21.05+7.98 21.12+456  17.85+6.9  3.10£1.35
MLX 13.75-22.50 6.88+1.34 252+0.30 11.70+1.78  44.17+1453 2.75+0.49  0.12+0.03
24.15-32.90 4.61+1.18 6.92+2.59 3.72+1.08 0.90+0.12 2.90+0.64  4.85+1.61
2.5-11.25 0.55+0.09 0.23+0.04 0.49+0.18 0.34+0.13  0.10+0.04 0.03+0.015
oTC 13.75-22.50 0.52+0.02 0.16+0.02  0.01+0.002 0.05+0.01 0.03+0.007  0.00+0.00
24.15-32.90 0.48+0.07 0.18+0.05 0.00+0.0008 0.04£0.01 0.02+0.007 0.01+0.002
2.5-11.25 13.95+3.85 6.48+1.01 7.57+1.90 6.19+2.12  3.08+1.01 0.83+0.21
SDz 13.75-22.50 8.09+1.59 6.56+1.32  11.92+2.20 2.13+0.49 1.81+045 1.33+0.36
24.15-32.90 3.35+0.93 8.67+3.25 2.22+0.40 0.77+0.10 1.66+0.40 1.00+0.30
2.5-11.25 11.97+1.54 158.57+64.02 37.71+11.10 283.24+122.3 25.3849.96 25.55+11.3
TYL 13.75-22.50 6.36+1.21 17.34+£3.99  12.50+2.94 23.77+6.45 28.97+124  0.13+0.06
24.15-32.90 2.50+0.80 7.56+2.79 0.00+0 2.65+0.73  1.47+0.40 0.21+0.1
2.5-11.25 3.54+0.33 0.89+0.13 1.61+0.39 1.48+0.42 0.19+0.04 0.11+0.05
TMP 13.75-22.50 3.02+0.30 0.87+0.13 1.83+0.28 0.40+0.08  0.15+0.04  0.00+0.00
24.15-32.90 1.35+0.31 1.12+0.38 0.19+0.08 0.12+0.02  0.12+0.04 0.02+0.005

Footnote: Broadcast application (BC), Chisel Sweep (CS), Incorporation (IC). Enrofloxacin
(ENR), florfenicol (FLO), lincomycin (LNC), meloxicam (MLX), oxytetracycline (OTC),
sulfadiazine (SDZ), tylosin (TYL), trimethoprim (TMP).
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Table 4.1: The total concentration of veterinary medicines transported from
manured grass into surface runoff and leachate.

Surface Runoff (ng/L) Leachate (ug/L)
Veterinary
Medicine Irrigation Event BC CS BC CS
2.5-11.25 0.43+0.03  2.18+0.89 0.41+0.10 0.10+0.027
ENR 13.75-22.50 0.72+0.22  0.57+0.16 0.49+0.22 0.36+0.11
24.15-32.90 0.29+0.06  0.32+0.07 0.00+0.00 0.26+0.12
2.5-11.25 5.63+0.64  50.16£20.79  6.11+1.41 6.34+2.53
FLO 13.75-22.50 14.68+3.55 6.22+1.49 3.85+1.08 4.74%1.34
24.15-32.90 4.69+0.93  2.91+0.37 0.66+0.49 0.48+0.02
2.5-11.25 4.24+0.51  36.80+15.23  1.64+0.35 1.80+0.69
LNC 13.75-22.50 6.40+£1.52  2.36+0.50 0.87+0.23 1.25+0.34
24.15-32.90 2.03£0.30  1.84+0.04 0.11+0.01 0.14+0.01
2.5-11.25 1.12+0.41  4.55+1.40 1.12+0.23 0.48+0.14
MLX 13.75-22.50 14.82+4.73 13.39+4.52 2.15%0.75 0.86%0.12
24.15-32.90 8.20+3.57  0.69+0.09 0.11+0.01 0.39+0.15
2.5-11.25 0.97£0.25  7.40+3.18 1.11+£0.34 0.38+0.086
oTC 13.75-22.50 0.97+0.28  0.47+0.11 0.44+0.15 0.33+0.087
24.15-32.90 0.32+0.06  0.28+0.05 0.01+0.001 0.03+0.004
2.5-11.25 1.25#0.16  12.3245.23 1.11+0.23 0.38+0.43
SDZ 13.75-22.50 1.37+0.42  0.39+0.10 0.44+0.06 0.33+0.11
24.15-32.90 0.33+0.07  0.20+0.03 0.01+0.005 0.03+0.05
2.5-11.25 30.79+£2.25 215.31493.95 14.40+2.22 10.88+2.58
TYL 13.75-22.50 34.2248.41 13.52+2.52 15.18+3.24 17.38+4.23
24.15-32.90 12.71£2.63 7.99+1.07 5.90+0.96 9.53+2.65
2.5-11.25 0.40+0.04  2.75%1.12 0.16+0.03 0.02+0.03
TMP 13.75-22.50 1.07£0.33  0.82+0.21 0.20+0.08 0.23+0.07
24.15-32.90 0.42+0.11  0.39+0.08 0.00£0.0003  0.09+0.04

Footnote: Broadcast application (BC), Chisel Sweep (CS), Incorporation (IC).

Enrofloxacin (ENR), florfenicol (FLO),

oxytetracycline (OTC), sulfadiazine (SDZ), tylosin (TYL), trimethoprim (TMP).

lincomycin (LNC), meloxicam (MLX),
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Table 4.2: Percentage of the veterinary medicine mass load transported via runoff and
leachate under varying application methods on arable soils and grasses.
Percentage Loss Arable Soils (%)
Runoff Leachate Total
BC CS IC BC CS IC BC CS IC
ENR 0.0498 0.0225 0.0039 0.0050 0.0017 0.0003 0.0549 0.0243 0.0042
FLO 0.2142 0.1111 0.0849 0.1051 0.0417 0.0318 0.3193 0.1528 0.1167
LNC 0.1499 0.0941 0.0262 0.0809 0.0303 0.0072 0.2308 0.1244 0.0334
MLX 0.0517 0.0304 0.0174 0.0962 0.0361 0.0086 0.1478 0.0665 0.0260
OTC 0.0060 0.0036 0.0002 0.0014 0.0006 0.0002 0.0074 0.0042 0.0004
SDZ  0.0486 0.0425 0.0293 0.0405 0.0207 0.0137 0.0891 0.0632 0.0430
TMP 0.1098 0.0482 0.0125 0.0298 0.0099 0.0024 0.1396 0.0582 0.0149
TYL 0.2108 0.2949 0.0273 0.2528 0.0291 0.0334 0.4635 0.3240 0.0606
Percentage Loss Grasses (%)

ENR  0.0096 0.0082 0.0036 0.0022 0.0132 0.0104
FLO 0.0738 0.0723 0.0279 0.0204 0.1017 0.0927
LNC 0.0603 0.0556 0.0114 0.0087 0.0717 0.0644
MLX 0.0256 0.0343 0.0049 0.0019 0.0305 0.0362
OTC 0.0070 0.0077 0.0035 0.0019 0.0104 0.0096
SDZ  0.0074 0.0084 0.0035 0.0025 0.0108 0.0109
T™MP  0.0232 0.0269 0.0030 0.0022 0.0261 0.0291
TYL 0.0133 0.0123 0.0106 0.0003 0.0239 0.0126

Footnote: Broadcast application (BC), Chisel Sweep (CS), Incorporation (IC).

4.3 Discussion

4.3.1 Veterinary medicine losses in surface runoff and leachate

Surface runoff concentrations generated in this study were found to vary to those
presented within the literature; differences within experimental approach and design are
suspected to be drivers of this. Dose may also play a role in the aforementioned
differences, however given that PECsiury 1s calculated using the Spaepen, (1997) model
which the risk assessments states to use the highest available SPC dosage concentration
being used these comparisons are justifiable. Kay et al., (2005a) and Popova et al., (2013)
both reported a greater percentage of OTC transported in runoff than that of this study
(0.0064%), these values were 0.054% and 2.5% respectively. The differences here are
most likely attributed to differences in angle of slope (3 < 6°) (Kay et al., 2005a),
irrigation duration and soil type (Popova et al., 2013). Similarly, Barrios et al., (2020)
reported a total LNC concentration of 5.83 pg/L and a recovery of 122% following three
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sets of 30-minute irrigations (70 mm/h) which were 24 h apart at 1 day, 1 week, 2 week

and 3 weeks.

In the available literature the results for grassland plots are also varied. For example,
Kreuzig et al., (2005) and Knibel et al., (2016) reported greater SDZ loss via surface
runoff, the reported values ranged from 0.56 to 28% whereas this study reported a loss of
0.048%. Both studies utilized much greater irrigation rates of 50-70 mm/h and angel of
slope (5.1°). Until now direct comparisons between grasses and bare soils have not been
achieved, Kreuzig et al., (2005) reported greater losses from grassland plots however their
bare soil assessment contained incorporation to 15 ¢cm meaning direct comparisons
cannot be made. The presented dataset demonstrates that the risk of veterinary medicine
exposure to surface waters is greatest following the broadcasting of slurries to bare soils.
Similar findings were reported by Lin et al., (2010) who observed a 75% reduction in
sulfamethazine runoff concentration when using tall grasses as a buffer zone over that of
bare soils. Factors such as, inhibited water velocity, increased microbial degradation and
adsorption within the trapped sediments are likely drivers of this (Krutz et al., 2005; Liu
et al., 2008; Lin et al., 2010 and Reichenberger et al., 2007).

4.3.2 The influence of manure application methods on veterinary medicine

fate

The replicated manure application methods altered the soil profiles which was
hypothesised to affect the soils hydrology. This likely resulted in the observed differences
between the timing and volume of surface runoff generated from the application methods.
This was especially true for comparisons between broadcast and incorporation. The
altered soil hydrology alone is unlikely to have driven differences in veterinary medicine
concentrations. Other factors such as the increased exposure to soil particulates under the
varying application methods most likely drove differences in the rates of adsorption, with
similar findings previously reported for pesticides (Mickelson et al., 2001; and Elias et
al., 2018). Both ENR and OTC have a high affinity for organic matter and carbon (Kim

et al., 2012; and Alvarez-Esmoris et al., 2020) and as expected the differences observed
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between the treatments was greater. Conversely, lower adsorption coefficients have
previously been demonstrated to have an increased potential for surface runoff and
leachate transport (Kay et al., 2005a; Dolliver and Gupta, 2008; Joy et al., 2013; Kim et
al., 2010; and Popova et al., 2013), and manure application methods were observed to be

comparatively less influential but still of great significance.

The presented dataset demonstrates that immediately incorporating slurries into soils
prior to a rainfall event is best practice in terms of reducing veterinary medicine exposure
to nearby water bodies. Injecting slurries is also an effective means in reducing the
transport of veterinary medicines to waters although this was less effective than that of
incorporation. Similar findings were reported via Joy et al., (2013), where a reduction in
antibiotic runoff concentrations were observed when manures were incorporated or
injected over that of broadcast. For example, the authors’ reported 0.04% of TYL was
transported via runoff under the broadcasting method, this was reduced to 0.028% and
0.011% via injection and incorporation methods. A similar significant effect was reported
by Le et al., (2018), the authors reported a, 47, 50, 57, and 88% reduction in
sulfamerazine, chlortetracycline, pirlimycin, and tylosin runoff concentrations through

subsurface injection over that of broadcast.

Interestingly TYL was observed to deviate from this trend within the bare soil
assessment; at 2.5 mm/h there was a spike in runoff concentration under the chisel sweep
technique that far surpassed that of broadcast. Moreover, the dataset indicates that at this
sampling point the broadcast method TYL was readily leachable which could be related
to a reduction in TYL leaching under the chisel sweep application method. It has
previously been demonstrated that TYL leaching can be promoted via facilitated transport
associated with colloids from manure (Kolz et al., 2005). This is highly possible given
that TYL’s adsorption coefficient is greater to manure colloidal particulates than that of
manure, and greater in manure over soil (Hu and Coats., 2009; and Kim et al., 2010).

Therefore, colloidal facilitated transport would be greater under broadcast application,
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and the chisel sweep technique could enhance runoff via channelization and desorption

from manures (Hoese et al., 2009; and Amarakoon et al., 2014).

It is well known that veterinary medicines can leach following land application of animal
manures (Kay et al., 2005b; Dolliver and Gupta., 2008; Popova et al., 2013; Spielmeyer
et al., 2017; Pan and Chu., 2017; and Spielmeyer et al., 2020), however, research has
seldom assessed the influence of manure application methods on veterinary medicine
leaching. For the majority of the assessed veterinary medicines the mass loads detected
within leachate were greatest under the broadcast application method over that of chisel
weep and incorporation. This was expected when making comparisons to the
incorporation technique but there has been concern regarding the influence of injecting
slurries (chisel sweep) on leaching rates (Rotz et al., 2011; and Fangueiro et al., 2015).
The presented dataset demonstrates that chisel sweep application methods do not enhance
leaching rates, despite application into the soils subsurface. A possible explanation for
this is capping of the silty clay soil as the drill is implemented into the soil profile. This
is a likely explanation of why pig slurries were observed to pool within the injection slots.
However, further research is required to assess this relationship for other soil types that

may not cap (i.e., sandy or silty soils with lower clay contents).

4.3.3 Relevance to current agricultural practices and manure management

The presented study demonstrates the ability for veterinary medicines to be transported
via runoff and leachate under a heavy rainfall event within the UK. Numerous farms
within a catchment will apply manures within a similar timeframe, the joint contribution
from several sources indicates that receiving waters within a catchment are potentially at
a greater risk than this study anticipates. The derived fate data indicates the ability of
advanced application technologies and immediate incorporation to reduce the risk of
veterinary medicine exposure to surface and groundwaters. As we found to be true for
both soils and grass plots, when possible, farmers should utilize shallow injection

technologies (soils and grasslands) or immediately incorporate slurries into soils. Smith
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et al., (2000) conducted a survey and reported that only 13-23% of farmers incorporate
slurries on the day of application, hereby presenting a greater risk of runoff or leachate
formation following a rainfall event. Moreover, the Nitrate Directive (91/676, EEC
2000/60/EC) states that slurries/manures should be applied from the 1% of September or
15" October (NVZ specific) to the 15" January or 31% December. Typically these
application timings are within the wettest months indicating greater surface runoff and
leaching risk (Defra, 2010). Moreover, it is debatable whether farmers adhere to current
agricultural policies given problems in practicality and therefore environmental exposure
maybe greater than anticipated or calculated under a typical environmental the risk

assessment (Young and Mutchler, 1976; and Smith et al., 2000).

The results presented here suggest that the risks towards surface waters are lower when
manure is applied to surrounding grasslands. Chisel sweep application methods were
found to have very little influence on veterinary medicine runoff concentrations, however
a reduction in leaching was observed suggesting this method to be a good measure to
protect frequently contaminated groundwaters (Sui et al., 2015; Balzer et al., 2016; Kivits
etal, 2018; and Boy-Roura et al., 2018). Slurry acidification is now being utilized within
Holland and Denmark to better nutrient management and compliance to the Nitrate
Directive, the Dutch authorities are also reducing the requirement to inject or incorporate
slurries applied to land when utilizing this manure management technique (Hjorth et al,,
2013; and Fangueiro et al., 2015). Recent research has demonstrated the capability of
acidifying manures to reduce nitrate leaching when using broadcast application (do
Rosério Cameira et al., 2019), however, very little is known regarding the influence of
this on veterinary medicine fate and needs to be further investigated (degradation during
storage, and mobility when applied to land) (Nightingale et al, 2022, Sassman et al., 2007;
Ali et al, 2013; Joy et al, 2013 and Dolliver and Gupta, 2008).
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4.4 Conclusion

The presented semi-field study provides a comprehensive evaluation of common manure
application methods and their influence on veterinary medicine fate. The broadcasting of
pig slurries with no incorporation was identified to present the greatest risk towards both
surface and groundwaters. Comparatively, the incorporation of broadcasted pig slurries
was observed to be of best practice in terms of the environmental exposure of veterinary
medicines, however this practice requires more of the farmers valuable time and could
result in greater soil compaction. Therefore, it is more likely that advanced manure
application methods such as injection/chisel sweep will be utilized which were deemed
appropriate to reduce the concentrations of veterinary medicines in surface runoff and
leachate. The reduction in leachate concentrations using this method were surprising but
beneficial given that this method is now widely adopted in modern farming. Moreover,
the dataset demonstrates that the risk towards waterbodies is greatest surrounding bare
soils over that of grasses, but chisel sweep methods are an effective means to reduce the
veterinary medicine exposure to waters on both grasses and soils. The presented fate data
is crucial to the management of manures and understanding veterinary medicine risk,
however it indicates that further research is required to fully understand the influence of
these application methods on variable soil types to be representative of the natural

environment.
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Validation of Current Groundwater Modelling Predictions within the Risk
Assessment for Veterinary Medicines

Authors: John Nightingale, Laura Carter, Chris J. Sinclair, Philip Rooney,
Stephen Jones and Paul Kay

Abstract

The presented study investigated the environmental fate of veterinary medicines at field-
scale in an attempt to validate the groundwater modelling suite FOCUS PEARL.
Veterinary antibiotics that were present on the available veterinary records were
identified in the environment surrounding an area of intensive animal husbandry. The
concentrations within pig slurries ranged from 0.004 pg/kg to 0.85 mg/kg (d/w) for
oxytetracycline, lincomycin, sulfadiazine and trimethoprim. Following the application of
this manure to land oxytetracycline, lincomycin, and sulfadiazine were detected in
manured-soils to a depth of 10 cm. Immediate incorporation was revealed to substantially
reduce the concentrations detected in the soils, which indicates a suitable means to reduce
their environmental burden. Veterinary antibiotics were however, detected within
groundwaters at depths ranging from 12.5 to 44 m with concentrations of lincomycin,
sulfadiazine and trimethoprim ranging between 0.011 to 0.77 ng/L. These compounds
were found to fluctuate in concentration within groundwater but be persistent throughout
the duration of the study (13/12/20 to 07/07/21). The FOCUS PEARL groundwater
modelling predictions were found to surpass the concentrations detected in the
environment by a factor 0.72 to 954 under the best suited default scenario (Chateaudun).
The displayed results demonstrate that should good veterinary and farming practices be
followed the risk of veterinary medicines in the environment can be reduced. However,
the findings do demonstrate that future veterinary medicine effect assessments should be
focused on the risks of lower and longer term antibiotic groundwater concentration (ng/L)

as well as the problems faced with antimicrobial resistance.
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5.0 Introduction

The usage of veterinary medicines within animal husbandry is not a new phenomenon,
however, an ever-growing population coupled with the increased demand for a rich
protein diet has resulted in its intensification and increased usage (Delgado, 2005;
Thornton, 2010; and Wanapat et al., 2015). High excretion rates of veterinary medicines
exist due to poor absorption within the gastrointestinal tract of the animal (Halling —
Serensen et al., 2001; Song and Guo 2014). Veterinary medicines are exposed to soils via
the frequent application of animal manures, this is routine practice due to their excellent
nutrient/organic matter contents, improved cycling via microbial populations as well as
being a suitable means of waste disposal (Bogaard et al., 2013; Potter et al., 2010; and
Lee, 2010). As a result, veterinary medicines are often detected within environmental
compartments surrounding agriculture (Boxall et al., 2004; Hamscher et al., 2005; Li et
al., 2018; and Ghirardini et al., 2020). The presence of veterinary antibiotics within the
environment are of concern due to the formation of antibiotic resistant genes, as well as
the toxicological effects towards terrestrial and aquatic organisms (Ahmad et al., 2014;
Kotzerke et al., 2008, Cavalho and Santos, 2016, Klatte et al., 2017; Wallace et al., 2018;
Koike et al., 2007; Allen et al., 2011; O’Neill, 2016; and Singer et al., 2016).

Veterinary medicines are well known to be transported via surface runoff and leachate
into receiving waters, the extent of which is subject to their physiochemical properties
and compound specific processes such as degradation, sorption-desorption, and
hydrophilic/hydrophobic relationships (Thiele-Bruhn, 2003; Kreuzig and Hoéltge., 2005;
Dolliver and Gupta; 2008; Lamshoft et al., 2010; and Srinivasn and Sarmah, 2014).
Following the application of animal manures and a rainfall event veterinary medicines
can leach into groundwater, this process has been demonstrated to be exacerbated via
colloidal facilitated transport, macropores and high intensity rainfall events (Kay et al.,
2004; Kay et al., 2005; Blackwell et al., 2009; Lee et al., 2009; Lee et al., 2014; Pan and
Chu, 2017; and Mehrtens et al., 2020). For example, Kolz and Moorman, (2005), have
demonstrated antibiotic leaching to be enhanced via colloidal facilitated transport.
Moreover, longer term leaching has been demonstrated for sulphonamides for up to four

years after the application of contaminated manures (Spielmeyer et al., 2017).
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The concentrations of veterinary medicines that are detected within groundwater range
from ng/L to pg/L, some examples of which include sulfamethazine, oxytetracycline,
chlortetracycline, tylosin, and tiamuline (Boxall et al., 2004; Hamscher et al, 2005; Weis
et al., 2008; Bartelt-Hunt et al., 2011; Kim et al., 2011; Boy-Roura et al., 2017; Yao et
al., 2017; Klatte et al., 2017; and Li et al., 2018). There have also been reports of
veterinary medicines that were previously considered immobile in the environment, an
example of this is enrofloxacin which has a high Ko value and has been detected at an
average concentration of 44.5 ug/L in an area surrounding intensive animal agriculture
within China (Li et al., 2018). The ability for veterinary antibiotics to persist in
groundwaters has also been demonstrated, Kivits et al., (2018) reported sulphonamide
detections in groundwaters at depths of 25 m which were characterised as being 40 years
old. Their persistence is expected to be related to the reduction in hydrolytic degradation

under denitrifying, cold and anoxic conditions (Ahmad et al., 2014).

Due to the environmental and societal risks of veterinary medicine contamination, the
environmental risk assessment was implemented under Directive 2004/28/EC, this policy
requires new veterinary medicines to be sold on the market to undergo a comprehensive
assessment (VICH, 2000; and EMEA, 1997). Despite this, veterinary medicines are still
exposed to the environment and our understanding of their fate is still developing. There
are concerns regarding the risk assessments environmental representativeness. Some of
these include, mixtures not being assessed, only one animal manure per animal type being
used in degradation trials and the potential for non-extractable residues to desorb and
leach (Gevao et al., 2000; EMA, 2011; Jechalke et al., 2014; Whode et al., 2016;
Spielmeyer, 2018; Pan and Chu, 2017; and Kivits et al., 2018). The environmental quality
standard for veterinary medicines within groundwater is set at 0.1 pg/L and should
environmental modelling demonstrate that their usage will result in concentrations that
are below this no further assessments are required (2014/80/AU). However, previous
evidence suggests that the EQS may not be protective of all aquatic biota. For example,
veterinary medicines have been previously identified to have lethal effects (LCso or ECso)

below this value: ivermectin Neomysis integer, Gammarus sp. and Daphnia magna 1L.Cso
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from 25 — 70 ng/L, and cypermethrin arthropod ECso 0.1 pg/L (Lumaret et al., 2012;
Loetti and Bellocq, 2017; and EMA, 2018). Moreover, toxicological assessments are
conducted at concentrations that typically exceed Measured Environmental
Concentrations (MEC) and do not consider longer term chronic effects or the spread of
antimicrobial resistance. For example, ciprofloxacin concentrations as low as 0.01 pg L
'have been reported to result in selection of resistant genes for E. coli (gyrA) (Sandegren,

2014).

Groundwater prediction models are routinely used within the risk assessment
(PEARL_FOCUS), the modelling suite was adopted from the pesticide risk assessment
and there have been concerns regarding it’s applicability (Montforts and Verschoor,
2003; FOCUS, 2014). The usage of these models within the risk assessment is a
requirement under the Groundwater Directive 2014/80/AU (annex I) as well as Directive
2006/118/EC and the Drinking Water Directive (98/83/EC). These sophisticated
modelling predictions are often found to surpass the MECs (Montforts and Verschoor,
2003; and Knapi¢, and Simonci¢, 2007). However, laboratory studies have suggested that
this is not always the case indicating an underestimation. For example a column leaching
study reported sulfachlorpuridizine concentrations of 0.66-8.5 pg/L under minor and
extreme weather events and detailed that the PEARL modelled predictions were
inadequate (Blackwell et al., 2009). In addition, Montforts and Verschoor, (2003)
outlined that the sulphachloropyridazine modelling predictions were a factor of 50 below

that of the concentrations detected in the leachate that was collected from the lysimeter.

These observations indicate that further research is required to assess the validity of the
modelling suite in predicting groundwater. Therefore, the aim of this research was to
contribute towards the understanding of the environmental occurrence and fate of

veterinary medicines but also to assess the validity of modelling predictions at field scale.
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5.1 Methods

5.1.2 Chemicals and reagents

All chemicals and solvents were of the highest available purity, methanol,
orthophosphoric acid, NaOH 98 %, NaOH, Na;EDTA, citric acid and di-sodium
hydrogen orthophosphate were purchased from Fisher Scientific (UK). Antibiotics of
analytical grade 94 - 98% were purchase from UK retailers. Sulfadiazine (SDZ), tylosin
(TYL), enrofloxacin (ENR), oxytetracycline (OTC), lincomycin (LNC), trimethoprim
(TMP) were purchased from SLS. Florfenicol (FLO), azaperone (AZA), altrenogest
(ALT), ceftiofur (CFT), and meloxicam (MLX) were purchased from Fisher Scientific
(UK). Mcllvaine buffer (pH 4) was prepared by mixing 307.25 mL of 0.1M citric acid
with 192.75 mL of 0.2M phosphate solution, pH 7 contained 7 329.4 mL of phosphate
solution is mixed with 88.25 mL of citric acid. Irrespective of the pH, Mcllvaine buffer
was then mixed 50:50 with 0.1M Na;EDTA. MeOH-Mcllvaine buffer was made by
mixing Mcllvaine buffer pH 7 with methanol at a 50:50 ratio. SPE conditioning/washing
buffer was prepared by diluting 15 mL of the soil extraction buffer to 400 ml total volume
with distilled water and acidifying to pH 2.9 by adding 200 pL of H3POa.

5.1.3 Experimental farm site details

The Leeds University research farm (Spen Farm) is located in North Yorkshire
(53°51'45.6"N 1°20'03.9"W) (Figure 5.0). The farm is 765 acres in size and has an
average total of 660 Hungarian White pigs, of which 230 pigs are housed inside and 230
pigs are located outside. Spen Farm’s manure management practices depend on the
housing, typically the housed pigs are kept on slats and the slurry is transported to an
enclosed silo whilst the manure from the pigs reared outside is stored in manure compost
heaps. The site is situated on a Nitrate Vulnerable Zone and therefore the application of
manures is confined from the 315 November to the 1% of February. The soil type at the
farm is generally sandy, although this differs between arable fields, it is reported that the
soil depth is relatively shallow (1-3 m) and very well drained (ALC, 1994). The geology
at the site is comprised of dolostone (limestone), associated with an aquifer below (Bgs,

2022). The bedrock is characterised by faults, fissures and cracks resulting in both

232



- 233 -

laminar flow and turbulent flows within groundwater (Medici et al., 2019). The field site

contained 2 boreholes with 3 piezometers at differing depths which were sampled

throughout the duration of this study. The depths of which were 47 m and 42.5 m at

borehole 1 and 22 m, 17 m, and 12.5 m at borehole 2.

WALES

CARDIFF.
o

ENGLAND

LONDON
o

Figure 5.0: Map of Spen Farm (53°51'45.6" N 1°20'03.9" W) containing the sampling
locations (fields and boreholes).

Footnote: Borehole 1 (B1), Borehole 2 (B2).

5.1.4 Properties of veterinary antibiotics detected

The physical-chemical property data for veterinary medicines that were detected at the

farm are presented within Table 5.0.
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Table 5.0: Physiochemical properties of veterinary medicines that were detected at

Spen farm during the studies duration, the data presented here was utilized

for the groundwater modelling predictions (PEARL_FOCUS).

Veterinary Chemical structure Saturated Solubility Ko Kom Freundlich  Soil
medicine water in water (L/kg) sorption DTso
pressure at at 20°C coefficient  (days)
given (mg/L) 1/n at PF
temperature 2
(Pa)
Lincomycin | ﬁ:‘:}/_‘ 178.65a 927 a 69.76 b  40.09* 095 9¢
Trimethoprim ~ | 119.994 1752 ¢ 622 ¢ 357.47*  1.06¢ 44
WX ° (prediction
~ Az .~ ACD labs)
| o
Meloxicam ’é 142.65a 22000 a 318+n 182.75n N/A 6.99n
OH a s \
= |’ N \"
c//,x\(a‘\
Sulfadiazine 3 7.01e-7 a 77 15.6- 10.11* 0.81-0.92 3j
”\rlu \N 1761
Oxytetracycline 1293.23 4 313a 1032k 8099k 05« 561

Kt Freundlich sorption coefficient, N Freundlich exponent. *Worst case Kom instead of geomean (Kom= Koc/1.74).

Footnote: USEPA, (2010) a, Wang et al., (2012) b, Albero et al., (2018) ¢, Chemspider (2021) d, Yalkowsky and Jain
(2016) e, Zhang et al., (2014) F, Wu et al., (2012) g, Koba et al.. (2017) h, Thiele-Bruhn et al., (2004) i, Sittig (2014)

j, Kreuzig and Héltge. (2005) k, Jones et al., (2005), Wang and Yates (2008).

Details of soil types used in cited studies: geomean (Sandy clay loam, sandy loam and clay loam) b, Agricultural soils
Spain (textures N/A) c, loamy sand f, clay soil g, sandy silt loam (river sediment) h, silty soil and clay soil j, geomean

of six differing soils from varying regions k, sandy loam |.

5.1.5 Sampling methodology

Pig slurry, soil and groundwater samples were collected bi-monthly for 8 months.

Slurry samples were obtained from a collection pit that was used to transfer slurries

from the rearing facilities into the silo. Grab samples were achieved using a ladle and
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samples stored in clean plastic buckets with a tight seal. Soils were collected from four
arable fields located around the farm which had a previous history of manure
applications. Using a trowel soil was collected to a depth of 10 cm and then stored in
ziplocked bags. There were four fields in total that were sampled throughout the course
of the study (Field 1-4) (Figure 5.0). The soil samples were collected using the W
transect method. Groundwater samples were obtained using a bailer device (point
source bailer from Solinst UK) the dimensions of which were 84 cm in length and 1.47
inch in diameter. The bailer comprised of a ball lock system and the total volume was
1055 mL. A tagline was used to lower the bailer into the borehole to a specific depth.
In-between sampling events the bailer was cleaned using methanol and deionized water
to prevent cross contamination between the boreholes. The groundwater was stored in
a 1 L duran bottle. All samples were then stored at 4°C prior to extraction which never

exceeded one week from the sampling date.

5.1.6 Sample characteristics

Pig slurry was characterised for the dissolved carbon and nutrient contents (Table 5.0).
Slurries were centrifuged at 3,250 rpm for 2 h and the supernatant collected and
sequentially filtered in this order; Whatman G/F membrane, Whatman 1PS, 20 pm
syringe filter and 0.45 pm syringe nylon filter. The collected sample was then analysed
using an Analytik Jena Multi NC2100 (carbon) and Autoanalyzer (nutrients). Both pH
and redox potential were measured using a WTW xylem multi meter with the relevant
probes. The soils were characterised in the laboratory for texture, pH (water and 1:5
0.0IM CaCly) and carbon. The textures were derived using the sedimentation
methodology, the settled sediment was measured, and the percentage sand, silt and clay
recorded (FAO, n.d.). Carbon analysis was achieved using the loss on ignition method

at a furnace temperature of 550°C (see Table 5.2 for these properties).
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Table 5.1: Dissolved pig slurry characteristics from the closed lagoon silo at Spen
Farm.

Redox (mV) pH DOC, DIC NHs, NOz, PO+

(mg/ L) Total N (mg/L) (mg/L)
-434.1 7.81 1332.8+63.73, 654.7+8.02, 6.5+0.13
589.8425.88, 0.30.084,
3.4+1.84

Table 5.2: Determined soil characteristics from the arable fields situated around
the boreholes at Spen Farm.

Sample  Texture pH (1.5 soil-water pH (1:5 soil - 0.01 M SOM (%)
ratio) CaCl:ratio)

Field 1 Silty loam: 58% sand, 7.35+0.03 7.08 £0.02 5.15
soil 8.33% silt, 33.33%

clay
Field 2 Silty loam: 48% sand, 7.32 £ 0.005 7.12 £ 0.007 6.88
soil 29.6% silt, 22.22%

sand
Field 3 Silty loam: 50% sand, 7.21+£0.007 7.03+0.016 7
soil 30.76% silt, 19.23%

clay

5.1.7 Extractions and analytical details

In order to quantitate veterinary medicines within pig slurry, 12.5 £ 0.5 mL of sample
was weighed and 25 mL of Mcllvaine buffer (pH 4) was added. The sample was shaken
at 250 rpm for 20 minutes using a rotary bed shaker and then centrifuged at 3,250 rpm
for 20 minutes, the supernatant was decanted, and the extraction was repeated. The
combined supernatant was then filtered to 0.2 pm using a nylon syringeless filter,
samples were stored at 4°C prior to analysis. For the soils, 4 = 0.2 g of soil was weighed,

5 mL of Mcllvaine buffer (pH 7)-Methanol (50:50) was added and the sample was
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vortexed for 30 s. The samples were then sonicated for ten minutes at 15°C and shaken
on the rotary bed shaker at 250 rpm for 20 minutes. The samples were then centrifuged
at 2,500 rpm for ten minutes, the supernatant was collected, and the extraction was
repeated 3 times. The soil extract was then filtered to 0.2 um and stored at -20°C until

analysis.

The groundwater samples were filtered using a Whatman G/F filter paper, this filter
paper was collected and extracted using Mcllvaine buffer-methanol (50:50), however
no veterinary medicines were detected during this process. Groundwater samples then
underwent Solid Phase Extraction, and the methodology was closely related to the
method devised via Blackwell et al., (2004). In order to do this 1 L of sample was
accurately weighed, 50 mL of Mcllvaine buffer and 20 mL of methanol were added.
Oasis HLB cartridges (500 mg) were equilibrated using 5 mL of methanol and 5 mL of
SPE conditioning buffer. The groundwater sample was then passed through the
manifold at 5 mL/min, this was achieved using a viristep large sample loader. The
cartridges were then washed sequentially with 5 mL of conditioning buffer, 2.5 mL
0.IM NaOAc and 5 mL of deionized water. Following the washes, the cartridges were
dried under vacuum for ten minutes and eluted twice with 3 mL of methanol. The

sample was then evaporated and reconstituted in 1.5 mL of 10% methanol.

Analysis of the samples for veterinary medicines was achieved using a Sciex triple
quadrupole 5500+ Q-trap LC-MS/MS system. The analytical method utilized a HST3
column at a temperature of 40°C, and the liquid chromatography conditions were as
follows; 0.1% formic acid (aqueous purified water) and 0.1% formic acid, 1| mM
ammonium formate (methanol and acetonitrile 50:50). The method was comprised of a
40 pl injection volume and the flow rate was set to 0.4 mL/min. The method’s duration
was 11 minutes in total and a reversed phased gradient was selected. The organic
percentages were 0 mins (0%), 3 mins (90%), 8 mins (90%), 8.1 mins (10%), and 11
mins (0%). See SI Table E 1-2 for further analytical details and LODs. Analyst 1.6 was

used for data processing and quantification.
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5.1.8 Validation of extraction methods

The manure, soil, and groundwater veterinary medicine extraction techniques were
validated to three concentration levels that were 100%, 10% and 1% of the Predicted
Environmental Concentration (PEC). The PECs were derived using the Spaepen et al.,
(1997) model which utilized the highest possible administration dose from the available
Summary of Product Characteristics (SPC) document. The percentage recoveries can
be found in SI Tables E 1-3. The validation data produced a range of recoveries for the
veterinary medicines used at the farm. The recoveries generated were compound
specific but also dependent on the environmental matrix in which they were to be
monitored in. The validation recoveries for the analytes detected ranged from, 59.37 to
95.85%, 13.24 to 102.24 %, and 71.98 to 110.17 % in slurry, soils and groundwaters
respectively. This data demonstrates the appropriateness of the methods to extract
veterinary medicines but also to be reproduceable facilitating concentration corrections
to be made on field samples. For generation of the validation data, it was important to
obtain a matrix that didn’t contain any veterinary medicines. Therefore, for pig slurry
farmyard manure was collected from pigs that had no history of veterinary medicine
usage (Mount Pleasant Farm Welburn UK). The manure was then moisture corrected
to replicate a slurry containing 95 % water (EMA, 2011). For soils standardised soils
were purchased from Lufa-Speyer (Germany), and the textures were a sandy loam and
clay loam (2.1 and 6s), these were maintained at a moisture content of PF 2.0 (OECD,
2002; and Lufa-speyer, 2022). For the validation of groundwater tap water was used as

this provided a practical means of replicating groundwater properties.

5.1.9 Veterinary medicine modelling

For the tier 1 modelling assessment the PECs for pig slurry, soils, and groundwater
were derived using the Spaepen et al., (1997) model. This was achieved by following
the relevant guidance documents EMEA (1997) and EMA (2011). This is a pragmatic

screening mechanism which is routinely utilized within the risk assessment to estimate
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the concentrations of veterinary medicines in environmental matrices following the
administration to livestock. The formula takes into account numerous arbitrary values
such as administered dose (dose and duration), animal species, animal ages (weight),
animal turnover (average), nitrogen produced each year (kg/N/year) and the housing
factor. The parameters that are changed within this are the administration dosage as
well as the duration, which can be found in the SPC documents, it was important to
match the veterinary product to those used at the farm. The model then applies further
default values such as fraction of herd treated, bulk density of soils and depth of soils
to derive the PECsi. Using the PECsi at a plough depth of 20 cm the partition
coefficient (Kq) is applied, and the groundwater PEC is derived. This can then be further
refined using pre-existing manure degradation data (DTso) to derive a PECsoil refined
(Equations 1+2) (EMA, 2011; VICH, 2000; VICH, 2003). Please see SI Table E6 for
the manure degradation data used to refine the PECsoi.
Tst

- ln(z)x(T)))

Equation 1: Mt = Mi X e( 5750

Mtx170

Equation 2: PEC soil refined = 150010000005 N s

Where: Mt = mass of active in manure/slurry after the mean storage time (mg), Mi = Mass of active in manure/slurry
(mg), Tst = length of time manure is stored (days), DT50 = half-life of active in manure (days), 170 = EU nitrogen
spreading limit, 1500 = bulk density of dry soil (kg/m?), 10,000 = area of 1 hectare (m2/ha), Ns = nitrogen produced

during storage time (kg/N), Fa = fraction of the dose considered to be active.

The PEARL groundwater model was then employed to produce a more accurate
prediction of concentrations within groundwater. This suite of models (PELMO, PRZM
and MACRO) incorporates site conditions for standardised scenarios (i.e., soil types
and climatic conditions), as well as chemical property data such as molar mass (g/mol),
Freundlich isotherms (Ky), dissociation constant Kom, solubility, soil DTso, and
saturated vapour pressure (Pa) (FCOUS, 2014). Using the SPCs of the veterinary
medicines used at Spen Farm, the PECisoil refined Was utilized to calculate the application
rate that was inputted into the model (FOCUS, 2014). The default scenarios that were
best suited the climate and soil types at Spen Farm were Okehampton, Hamburg and

Chateaudun, and therefore these were selected for the assessment (FOCUS, 2014). The
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Okenhampton scenario is often utilized within the UK risk assessment for veterinary
medicines, this is considered the worst-case prediction (DEFRA, 2013). For this
assessment winter cereals were selected, and the application of animal manures

included incorporation to 0.2 m depth.

The soil at Spen farm (Table 5.2) was found to be a silty loam with an average organic
matter content of 6.34% and the annual average rainfall within this region is 644 mm
(Met Office, 2021). Based of the available climate and soil data the Chateaudun
scenario is best suited to the field site, with an annual rainfall average of 648 mm, and
soil comprised of a silty clay loam with an organic matter content of 2.4%. The

Hamburg scenario was generated although not used in comparisons (FOCUS, 2014).

5.2 Results

5.2.1 The occurrence of veterinary antibiotics

In comparison to soils and groundwaters the concentrations of veterinary medicines were
elevated within the slurry samples. Of which four of the eleven veterinary medicines that
were monitored were detected, the concentrations were found to be within the range of
ng/kg to mg/kg. The antibiotic compounds that were detected within pig slurries were
lincomycin, oxytetracycline, sulfadiazine and trimethoprim. At no point during the
sampling regime were there no detections of antibiotics in pig slurries. Trimethoprim was
detected at the highest concentration of 0.85 mg/kg but also the lowest at 80 ng/kg (Figure
5.1). As expected very little trends were observed within the concentrations detected, in

that they fluctuated but too many variables existed to extrapolate a clear trend.

Only one of the four fields that were monitored for veterinary medicines had detections
above the LOQ, the concentrations of which were in the range of pg/kg. Fields 1 and 2
received no manure applications since before 2019 and therefore no veterinary medicine
detections were made. However field 3 had received 24.8 m3/ha and 23.7 m*/ha in 2019

(February and September respectively), similarly to that of fields 1 and 2 no detections
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of veterinary medicines were made throughout the duration of this study. Veterinary
antibiotics were identified in field 4 soils upon the timing of application and these were,
oxytetracycline, lincomycin and sulfadiazine. Differences in concentration were
observed between the sampling areas (i.e., ploughed and un-ploughed); at the timing of
sampling pig slurries were being incorporated into the soil profile. The average
concentrations that were detected within the un-ploughed regions were 1.1, 0.7, and 0.14
ng/kg for oxytetracycline, lincomycin, and sulfadiazine respectively, these
concentrations were identified to decrease to 0.02, 0, and 0.08 pg/kg following
incorporation (ploughed) (Table 5.3). Interestingly just one month after application
(13/04/21) no veterinary medicines were detected. Although on 07/07/21 sulfadiazine
was detected but these detections were below the LOQ (SI Table.2).

The groundwater surrounding the area of intensive animal husbandry was found to be
contaminated with lincomycin, sulfadiazine, and trimethoprim. The concentrations that
these antibiotic compounds were detected at were between 0.01 and 1 ng/L (Figure 5.2).
The antibiotics were shown to persist throughout the sampling period 18/12/20 to
07/07/21. Small fluctuations were observed within the concentrations detected. For
example, trimethoprim and sulfadiazine exhibited a seven-fold and eleven-fold increase
in concentration respectively, from the 18/12/20 to 07/07/21 the concentration increased
from 0.10 - 0.77 ng/L and 0 — 1.25 ng/L. Although, there was little compelling evidence
to relate the increase in groundwater concentrations to the leaching of antibiotics detected

within soils.
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Figure 5.1: Concentrations of veterinary antibiotics detected within pig slurry.
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Table 5.3: Concentrations of veterinary antibiotics present in soils (10 cm) at field 4.

Concentration (ug/kg d/w)

Sampling area Date OTC LNC SDZ

Un-ploughed 06/03/21 1.1 0.7 0.14

Ploughed 06/03/21 0.02 0 0.08
13/04/21 0 0 0

Footnote: No detections occurred in fields 1, 2, and 3 throughout the course of the

study.

5.2.2 Veterinary medicine modelling predictions

5.2.3Tier 1

The lower tier modelled predictions are presented within Table 5.4. Generally, the PEC
values range from 1.38 to 6.9 mg/kg in pig slurries, 3.7 to 194.5 pg/kg in soils, and 12.58
to 100.30 pg/L in groundwater. As expected, the PECmanure for all of the assessed analytes
were over predicted by a factor of 25 to 69. This was expected given that the model
utilizes a ‘total residue approach’. The modelled predictions for groundwater were also
found to surpass the MEC. Using the available manure degradation data, the soil PECs
were refined. However, the PECsoil refined Were also overestimated even with the available
environmental fate data incorporated. Unfortunately, there is currently very little
literature regarding the degradation of trimethoprim in slurries and therefore to conduct

this assessment manured-soil degradation data was used (Wu et al., 2012).

5.2.4 Tier 2 assessment (FOCUS_PEARL)

The PEARL FOCUS modelled predictions are presented within Table 5.5. The PECinitial
values were found to surpass that of the MEC. Within the groundwater PEC:efined
assessment the Chateaudun was found to be the best suited default scenario in comparison
to the detections made at Spen Farm although the predictions were found to overestimate
by a factor of 0.72 to 954 (Table 5.5 and Figure 5.2). Interestingly the sulfadiazine

prediction was found to be in-line for the Chateaudun scenario with the measured
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environmental concentration being 0.37 ng/LL on average and the prediction being 0.78

ng/L.

Table 5.4: Manure soil and groundwater predictions using the lower tier assessment

models.
Manure PECsil PECsoil
PEC PECsoil (ug/kg  Soil PECsoil initial refined (D refined (20
Groundwater
(mg/kg) soil) (5 cm (Mg/kg soil) (20 cm cm cm
PEC (ug/L)

mixing depth) mixing depth) mixing mixing

depth) depth)
Lincomycin 3.64 1945 48.6 91.8 186.64 46.7
Oxytetracycline 4.97 117.9 29.5 100.3 108.4 27.1
Sulfadiazine 6.9 14.7 3.7 12.58 4.9 12
Trimethoprim 1.38 N/A N/A 29.51 N/A N/A

Footnote: Where appropriate fate data was not available the refined PECs are indicated as N/A.

Table 5.5: FOCUS groundwater modelled predictions for the selected EU scenarios
using the refined soil PECs and initial PECs.

Groundwater PECinitiai (Ng/L) Groundwater PECrefined (Ng/L)
Scenario Lincomycin Sulfadiazine Trimethoprim Lincomycin  Sulfadiazine  Trimethoprim
Okenhampton  3700.67 7281.26 2415.29 217.48 183.81 1192.71
Hamburg 2002.36 1007.63 1283.84 129.6 147.33 615.26
Chéateaudun 505.10 286.05 4931.99 22.65 0.78 238.82
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5.3 Discussion

The concentrations of veterinary antibiotics detected at Spen farm were generally lower
in comparison to the available literature. Previous publications have reported the
concentrations for oxytetracycline, lincomycin, and trimethoprim within pig slurries to
be between 0.21 — 354 mg/kg, 0.17 — 29 mg/kg, and 1.1 — 3.3 mg/kg respectively (Haller
et al., 2002; Martinez-Carballo et al., 2007; Rasschaert et al., 2020; and Wang et al.,
2017). Similarly, the reported concentrations of antibiotic compounds in soils are variable
and typically higher than that of this study despite the majority of the detections being
made on manured-soils; for example, oxytetracycline 0.9 — 322 pg/kg, 0.97 pg/kg, 3.2
ng/kg have been reported for oxytetracycline, lincomycin, and sulfadiazine respectively
(Boxall et al., 2004; Hamscher et al., 2004; Sattelberger et al., 2005; Li et al., 2013; Hou
et al., 2015). An exception of this was lincomycin for which very little literature exists
and the concentration was below that of this study (Li et al., 2013). Differences within
the reported values are expected to be related to, regional differences in veterinary
practice, timing of sampling, climatic conditions and soil types (Campagnolo et al., 2002;
Ungemach et al., 2006; Berendsen et al., 2015; Zainab et al., 2020; and Quaik et al.,
2020).

Generally, the reported concentrations of antibiotics in groundwater are within the ng/L
range (Sui et al., 2015). For example, previous publications have reported concentrations
of, 1.5 - 12 ng/L, 8.5 ng/L, 90 — 211.8 ng/L for sulfadiazine, sulfamethoxazole and
ciprofloxacin respectively (Balzer et al., 2016; Boy-Roura et al., 2018; and Kivits et al.,
2018). However, there are reports of greater concentrations to those detected within this
study, for example sulfadimidine and sulfachloropyridazine have been detected at
concentrations of 680 ug/L and 3 pg/L respectively (Pei et al., 2006; Weiss et al., 2007;
and Diaz-Cruz et al., 2008).

5.3.1 Environmental fate and modelled predictions

Out of the monitored veterinary antibiotics their presence is likely attributed to their

usage, physical-chemical properties and environmental fate characteristics. For example,
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lincomycin and oxytetracycline are persistent within pig slurries (DTso values > 75 d)
(Blackwell et al., 2009; Kuchta and Cessna, 2009; Hollis, 1991), and therefore their
presence was expected during storage. The veterinary medicines present within slurries
were transferred to soils via the application of contaminated slurries, interestingly these
analytes were found to dissipate quickly within the soils. Perhaps this could be attributed
to the sampling depth which was only 10 cm whilst incorporation of the slurries was
carried out to 20 cm. Moreover, it could also be related to the increased formation of non-
extractable residues via longer term adsorption which would not have been assessed
within the extraction validation (Wehrhan et al., 2010). Moreover, no detections of the
monitored veterinary medicines were achieved during the duration of the study, whilst
fields, 1, 2, and 3 had a history of manure applications no slurry has been applied since
2019. Therefore, their lack of presence is likely attributed to a combination of the
following, sampling depth, degradation, long-term adsorption, leaching, or even plant

uptake.

The presence of antibiotics within groundwater was generally found to relate to the
physio-chemical properties of the analytes, for example lincomycin and sulfadiazine have
Koc values of 69.76 and 16.6-17.6 L/kg and have been previously demonstrated to readily
leachable (Kreuzig and Holtge. 2005; Kuchta et al., 2009; Albero et al., 2018).
Interestingly trimethoprim has a high affinity for sorption and would not be expected to
contaminate groundwaters (Wu et al., 2012). In column leaching assessments conducted
via Burke et al., (2016) trimethoprim produced a K. value of 725 L/kg, despite this the
authors still detected a concentration of 5 - 12 ng/L in groundwater samples. Moreover,
Hirsch et al., (1999) conducted a monitoring study and reported no detections of
trimethoprim and Fram and Belitz, (2011) only reported one detection out of 1231
groundwater samples which were suggested to be related to human pharmacology.
Trimethoprim’s presence in groundwater could be related to its desorption rate (8 — 12.4
%), for which has been demonstrated to be enhanced in the presence of nutrients (Sukul

et al., 2008; and Li and Zhang., 2015).
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Throughout the literature authors accredit the presence of veterinary antibiotics to long
term leaching and persistence within the environment (Kivits et al., 2018), for example
Spielmeyer et al., (2017) reported sulphonamide leaching for up to years after the
application of manure. Hereby presenting that veterinary antibiotic detected within
groundwater could be related to previous manure applications and their persistence within
groundwater (up to 40 years) (Kivits et al., 2018). Therefore, it is currently unknown
whether veterinary medicine fluctuations are related to, previous manure applications,
nearby farms, or fluctuations within groundwater flow (Kuchta et al., 2009; Medici et al.,

2019).

The modelled predictions under the Chateaudun scenario for sulfadiazine were in-line the
detections that were reported at Spen Farm, although this was not the case for all of the
antibiotics detected. The appropriateness of the sulfadiazine predictions could be related
to comparable soil types being used in degradation experiments as well as he DTso value
originating from a radiolabelled study (Kreuzig and Holtge, 2005). Previous assessments
that have compared FOCUS_PEARL modelled predictions to the MECs have reported
similar overestimations (Montforts, 2003; Labite et al., 2013). In some cases, predictions
have been outlined to be underestimated, but typically these involved controlled
laboratory experiments (Blackwell et al., 2009). Therefore, in this case it can be
concluded that the FOCUS PEARL models are inadequate at predicting the fate of
veterinary medicines within the environment. The overestimation of the modelled
predictions could be attributed to the fact that the model does not consider the dilution
effect within aquifers (Montforts, 2003). This aspect should be considered when
conducting assessments of risk in varying regions. The low concentrations of veterinary
medicines detected at the farm is a precursor of their good veterinary and husbandry
practices. Such practices include, good housing standards, administering veterinary
medicines on an individual basis, and immediately incorporating slurries into soils. This
field study demonstrates how best practices can be adopted to reduce the exposure of
veterinary medicines to the environment whilst meeting the farmers production

requirements.
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5.3.2 Environmental significance and future recommendations

The presence of antibiotics within groundwaters is of both an environmental and societal
concern. However, to date there is a lack of understanding regarding the risk of lower
antibiotic concentrations and chronic exposure in the environment. It is a possibility that
even lower concentrations of antibiotics may exert a selective pressure on microbial
populations and enhance the formation of resistance (Zainab et al., 2020). Regardless of
whether the resistance forms within groundwaters at these concentrations there is also a
risk of direct transfer of antimicrobial resistant genes to aquatic compartments (Sapkota
et al., 2007). Moreover, there is compelling evidence suggesting antibiotics in
groundwater can alter microbial diversity and promote pathogens (Acinetobacter), which
in return could have negative effects towards humans’ gastrointestinal microbial
populations (Wang et al., 2019; Gao et al., 2020). There is also a growing concern that
the altered microbial dynamics could decrease denitrification which would in return
exacerbate the problems faced with nitrification of groundwaters, for example Zou et al.,
(2021) stated lomefloxacin concentrations of ng/L to reduce denitrification by 8.7%. The
presented study demonstrates that the FOCUS PEARL modelling software’s predictions
are poor and that current regulatory assessments are likely to overestimate the
concentrations in the environment (UK). On one hand this could be seen as beneficial
due to the requirement for further ecotoxicological assessments (VICH, 2003), however,
it could be debated that such assessments are conducted at unrealistic concentrations and
timeframes which indicates a lack of understanding regarding their effects in the
environment. Further research is required to confirm these points, this could be achieved
via more in-depth monitoring work and site-specific modelling approaches. A
consequence of not doing so is to continuously conduct fate/effect assessments at
environmentally unrealistic concentrations and overlook the issues faced with

antimicrobial resistance (O’Dwyer et al., 2017).
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5.4 Conclusion

The presented study demonstrates the fate of veterinary medicines at field-scale. The
selected study site utilizes good veterinary and husbandry practices and therefore
demonstrates the capability for intensive agriculture to be conducted in a manner that
doesn’t result in high environmental risks. Factors such as administering veterinary
medicines on a case by case basis via injection, immediately incorporating manured-soils,
and better housing conditions are suspected to be a movement in the right direction.
However, groundwaters were still identified to be present and persist within
groundwaters to a depth of 44 m, which highlights that their accumulation in
groundwaters is of concern. The modelled predictions of these were found to surpass the
measured concentrations, which highlights the requirement to conduct environmental
effect assessments at lower concentrations for longer durations. Currently very little
literature exists regarding this and there is of course still the complications with

antimicrobial resistance.
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Insights towards a representative assessment of veterinary

medicine risk in the environment - Synthesis and Discussion

Recently there has been a wealth of research investigating the fate of veterinary medicines
within the environment. Research of this particular focus entails both commercial
regulatory and academic research regarding the environmental fate and risk of veterinary
medicines within the environment (EMEA, 1997; Halling-Serensen et al., 1998; VICH,
2000; VICH 2003; Wohde et al., 2016 and EMA, 2016). Whilst this field is now well
established, there is still a lack of understanding of how environmentally realistic
processes can influence the fate of veterinary medicines within the environment. Such an
understanding is critical to achieve an accurate assessment of the risk of veterinary
medicine. Within the published literature it is apparent that there is variation within
environmental assessments of veterinary medicine fate, this was found to be especially
true within manure degradation assessments as well as studies investigating the transport
of veterinary medicines to surface waters (Loke et al., 2000; Kreuzig et al., 2005; Knébel
et al., 2016; and Berendsen et al., 2018). Therefore, the main focus of this thesis was to
investigate this variation and whether the environmental representativeness of laboratory

assessments is contributing towards inaccurate assessments.

6.0 Research synthesis

The presented research chapters demonstrate that environmentally realistic scenarios and
processes can influence the environmental fate of veterinary medicines (see section 6.2
to 6.3.5). For example, commonly reported manure properties have been outlined to be
key parameters determining the fate of veterinary medicine degradation (via both biotic
and abiotic processes) (Chapters 2 and 3). Moreover, commonly used manure application
methods have also been identified to influence transport of veterinary medicines to
surface waters and groundwaters via surface runoff and leaching (Chapter 4). The
following sections (6.1.1 to 6.1.2) provide a summary and synthesis to the findings that

are presented in these research Chapters.

266



- 267 -

6.1.1 Investigations into the influence of manure properties on veterinary
medicine degradation rates - a potential contributor towards variability

Commonly reported pig slurry pHs were observed to significantly influence the
degradation rate for the majority of the selected antibiotics (Chapter 2). Within the
scientific literature a wide range of pH values are documented (pH 5 to 9), this is a result
of differences in animal diet, water, climate, storage conditions as well as the processing
of manures (Weinfurtner. 2011; Canh et al., 1998a; Canh et al., 1998b; and Joubin, 2018).
Currently manure degradation assessments are only required to utilize one manure per
animal type, whereas it could be argued that this is not representative of reality given the
heterogenic nature of manures (Weinfurtner, 2011). Therefore, Chapter 2 employed novel
experimental techniques to investigate the influence of pig slurry pH on veterinary
medicine degradation rates. The experimental aspects of importance were, a suitable
means of pH adjustment, maintaining sterility, and anaerobic conditions. These were
achieved via unique vessels which were designed with permanently installed pH/redox
probes, a detachable lid to facilitate constant pH adjustment and inlets/outlets to flush
nitrogen and remove any oxygen. Sterility of the slurries were achieved via autoclaving
and using formaldehyde as a sterilant. The adopted techniques were appropriate with pH
values being within a tolerance of 0.5, sterility being maintained, and redox potentials
remaining below -100 mV (EMA, nd).

The presented fate data in Chapter 2 demonstrates a compound specific effect where,
ceftiofur, florfenicol and tylosin’s degradation was enhanced within alkaline and
inhibited under acidic slurries. Comparatively, sulfamethoxazole was observed to
degrade faster in acidic conditions over that of alkaline. Both biotic and abiotic processes
associated with pH were identified to drive differences within the degradation rates. For
example, the differences within the degradation rates for sulfamethoxazole and tylosin
were speculated to be driven via differences in rates of adsorption. This is likely a result
of their acid dissociation constant (pKa) and their ionized state at specific pHs which
most likely drove differing rates of adsorption via caring mechanisms (hydrophobic
interactions, cation exchange, and electrostatic forces) (Srinivasan et al., 2013; Jia et al.,
2017; Hu et al., 2019; and Boguta and Sokotowska, 2020). Interestingly the differences
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in florfenicol degradation under varying pHs was speculated to be related to microbial
mineralization. At alkaline and neutral pHs monochloroflorfenicol was identified to
rapidly form, whereas at acidic pH very little of this metabolite formed indicating
differences within the rates of microbial mineralization. Moreover, during the abiotic —
biotic assessments of pH it was revealed that hydrolysis played a small contribution
towards differences in degradation rates. Although significant differences were observed
for ceftiofur, tylosin, and sulfamethoxazole, the timeframe at which these differences
occurred was much greater than that of the non-sterile assessment.

High resolution mass spectrometry analysis was employed to investigate whether the
observed differences within degradation rates were a product of increased rate of
formation or alternative degradation routes. Here transformation products which are
unreported in pig slurries were identified for the first time. For example, florfenicol
metabolite 338 m/Z and Florfenicol metabolite 271 m/Z have recently been identified
within soils but not pig slurries (Qiu et al., 2021), and unknown sulfamethoxazole
metabolites were detected (ie., SMX_M_259 m/Z and SMX_M_239 m/Z).

The results of Chapter 2 demonstrate: 1. pH is an important parameter in determining
the fate of veterinary antibiotics in pig slurries. 2. pH of pig slurries could be driving
differences seen between manure degradation assessments. 3. Both abiotic and biotic
factors were affected. 4. Future research should conduct such assessments on numerous
manures with varying realistic pH’s. 5. Future research should be concerned about

transformation products and their fate or effects in the environment.

Similarly Chapter 3 investigated whether manure properties were contributing towards
variability seen within manure degradation assessments. Redox potential is a parameter
which is often used to determine oxygen content of environmental matrices. The
following factors are known to influence the redox potential of slurries, pH, storage
conditions, temperature, age, microbial activity and handling (Canhn et al., 1998a; Canhn
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etal., 19988b; Weinfurtner et al., 2011). The current manure degradation guideline EMA,
(nd) indicates that anaerobic conditions are achieved at <-100 mV for liquid slurries and
pig slurries are suggested to range from -250 to -400 mV. Moreover, a wide array of
redox potentials have been documented within the literature, for example pig slurry redox
potentials have been found to range from +50 to -410 mV (Kolz et al., 2005; Kreuzig.
2010; Lamshoft et al., 2010; Widyasari-Mehta et al., 2016; Richter et al., 2016; and
Junker et al., 2020). It was therefore hypothesized whether the differing degrees of
oxygen and therefore redox potential was contributing to the variability and uncertainty

seen between manure degradation assessments.

In order to investigate this, an experimental system that is capable of controlling the redox
potentials of pig slurries (moisture content 95%) was devised. Current systems are either,
outdated, expensive, or require sufficient knowledge in electric wiring (Patrick et al.,
1973; Hjorth etal., 2012; and Ali et al., 2013). Therefore a novel, cheap and cost-effective
experimental system was developed. Briefly this method included a biodegradation
reactor that was constructed from a 2L Erlenmeyer flask. This vessel was connected to a
redox potential controlling unit and an air pump. When the redox potential fell below the
critical value the pump would initiate to oxygenate the system, for anaerobic conditions
nitrogen was used to purge the system. The experimental system worked well and the
redox potentials of the pig slurries were maintained within a tolerance of £ 50 mV for
one month. Until now there have been no reports of a system capable of controlling the
redox potentials of pig slurries in a laboratory setting. The development of this system
should provide a grounding that will make future investigations into environmental fate

assessments and redox feasible.

The presented results of Chapter 3 demonstrate the significant effect of anaerobic redox
potentials on veterinary medicine degradation. A compound specific effect was observed
where ceftiofur, florfenicol, and sulfamethoxazole’s degradation was inhibited under
reduced conditions (-100 mV) over that of very anaerobic (-400 mV), the DTso values
were 0.7-1.84 h, 1.35-3.61 h, 22.2-49.8 h, 131-211 h and 35.4-94 h respectively.
Comparatively the degradation of tylosin was enhanced under reduced (-100 mV) over
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that of very anaerobic conditions (DTso 6.88-19.4 h). The results from this study
demonstrate that the acceptable range of redox potentials that are considered anaerobic
for pig slurries could be contributing towards variability. Through evaluating the
literature the cause of these differences were speculated to be a result of differences in
microbial population dynamics (FDA, 2013; Alvarino et al., 2016). For example, recent
research demonstrate that sulfamethoxazole’s degradation is enhanced under anaerobic
sludge conditions, the authors accredited this towards the presence of sulphate-reducing-
bacteria (Desulfovibrio Vulgari and Clostiridum sp) (Jiaetal., 2017; Ouyang et al., 2019).
Interestingly there has been some evidence to suggest abiotic adsorption may influence
the degradation of veterinary medicines at different redox potentials, however no hard

conclusions have been made (Kolz et al., 2005; Alvarino et al., 2016).

The results of Chapter 3 demonstrate: 1. The redox potentials of pig slurries are an
important parameter in determining the fate of veterinary antibiotics. 2. Current accepted
anaerobic redox potential values could be contributing towards the differences seen
between manure degradation assessments. 3. Future research should conduct such

assessments on numerous manures with varying redox potentials.

6.1.2 Transfer of Veterinary Medicines to Waters

Chapters 3 and 4 specifically were interested in the fate of veterinary medicines post
manure storage. Here the potential for veterinary medicines to be transported to waters
was observed. The application of animal manures to land as a form of organic fertilizer
is commonplace within agriculture and presents a source of veterinary medicines into
the environment (Thiele-Bruhn 2003; Kreuzig et al., 2005; Carvalho and Santos, 2016;
Spielmeyer et al., 2017). There are now numerous methods in which farmers can apply
animal manures to land, these application methods are known to influence the retention
of nutrients within soils. It was therefore seen as fitting to assess whether advanced
application methods could be used as a mitigative measure to reduce veterinary medicine
exposure (Webb et al., 2010; Rotz et al., 2011).
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In order to do so a semi-field experiment was designed to investigate the influence of
manure application methods on veterinary medicine losses to waters. The application
methods that were assessed were conventional broadcast, chisel sweep (injection), and
incorporation. A realistic heavy rainfall event (5 mm/h) was simulated using an irrigation
system that consisted of a series of copper pipes with spray nozzles (Defra, 2002). The
water flow was controlled using a time depending circuit that powered a solenoid valve,
and the irrigation system was validated so that the irrigators distributed the rain evenly
over the plots but also be within tolerance between the replicates (validated to a difference
of 10%). Moreover, boxplots were designed which facilitated the collection of runoff and
leachate from both bare soils and grasses. Both arable soils and grass assessments were
conducted in an attempt to produce a more rounding and representative conclusion of the

risk surrounding typical intensive agriculture.

All of the investigated veterinary medicines (8 in total) were detected within the surface
runoff and leachate samples. The concentration of which was compound specific and
differed over time. This was expected given what is currently known regarding the
influence of organic compounds physiochemical properties on their mobility in soils (Kay
et al., 2005; Dolliver and Gupta, 2008; Kim et al., 2010; Joy et al., 2013; and Popova et
al., 2013). Parameters such as solubility, octanol-water coefficient, and their affinity for
organic matter/carbon (Koc), are understood to influence a compounds mobility in soils
(Kim et al., 2012; Alvarez-Esmoris et al., 2020). Generally the concentrations detected
in surface runoff were from 0.49 to 183.47 pg/L and 2.26 to 236.83 ug/L for the bare soil
and grass assessments. Whilst leachate concentrations were found to be in the range of
0.04 to 309.66 pg/L and 0.33 to 37.79 ug/L for the bare soil and pasture assessments
respectively. Of the assessed application methods broadcasting slurries was identified to
result in the highest percentage of veterinary medicines lost to surface runoff and leachate
(0.006 — 0.21 %, and 0.005 — 0.25 %). Advanced application methods such as chisel
sweep were observed to reduce the transport of veterinary medicines via runoff and
leaching by 13-56 % and 49-88 % over that of broadcast. Whilst incorporating the slurry

was reported to be the most effective measure of reducing the transport of veterinary
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medicines, surface runoff and leachate mass loads were reduced by 40 - 97 % and 66 -

94 % over that of broadcast.

This work demonstrated that conventional broadcasting application methods result in the
greatest losses to runoff and leachate following a rainfall event. Advanced application
methods were found to reduce veterinary medicine losses to runoff and leaching and
therefore limit exposure towards receiving waters surrounding bare fields and pastures.
Therefore using advanced methods presents a mitigative measure that farmers can use to
reduce the exposure of veterinary medicines to aquatic compartments. Interestingly
incorporating slurries was found to be the most appropriate means to reduce the exposure
of veterinary medicines. However, advanced injection methods are more favourable for
farmers as they reduce the requirement for pig slurries to be incorporated into soils which
saves valuable time, resources and cost (Busari et al., 2015; Niles et al., 2019). Whilst
this maybe a pragmatic approach to applying slurries it was identified that incorporation
techniques (ploughing) is the best suited practice in reducing the exposure of veterinary
medicines towards both surface waters and groundwaters. Protecting water bodies from
veterinary medicine exposure is essential to protect aquatic organisms such as,
cyanobacteria, algae, freshwater plants and aquatic invertebrates such as daphnids and
fish (Ingerslev et al., 2003; and Kemper., 2008; Heuer et al., 2011; and Shao et al., 2018).

The results of Chapter 4 demonstrate: 1. Advanced manure application methods can be
used to mitigate the exposure of veterinary medicines to waters 2. Conventional
broadcasting of slurries prior to a rainfall event presents the largest environmental risk
in terms of aquatic compartments. 3. Some veterinary medicines are more influenced by
application method thank others. 4. Future considerations in manure management and
the risk assessment for veterinary medicines should entail the use of injection

technologies.
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The ability for veterinary antibiotics to leach into groundwater surrounding intensive
animal husbandry was demonstrated within Chapter 5. The chapter also investigated the
appropriateness of the pesticide leaching model FOCUS_PEARL in predicting veterinary
medicine concentrations in groundwater. In order to meet these aims, the study consisted
of a yearlong field monitoring exercise which comprised of bi monthly sampling of
slurry, soil and groundwater at the University of Leeds research farm (Spen Farm,
53°51'45.6"N, 1°20'03.9"W). Extraction methods and solid phase extraction techniques
were developed for the veterinary medicines that had recent records of administration
(2018 — 2020). A singular analytical method capable of detecting nine veterinary
medicines was devised using LC-MS/MS, the limits of detections ranged from 1 ng/L to

0.05 pg/L were devised (matrix and compound specific).

Five of the nine monitored veterinary medicines were detected at the farm in various
matrices. The highest concentrations reported were within pig slurry and ranged from
0.004 pg/kg to 0.85 mg/kg (d/w). The antibiotics present within slurries were identified
to be transferred to land following the application of manure to land, sulfadiazine,
trimethoprim, and lincomycin were detected in soils to a depth of 10 cm. The
concentrations in soils were observed to quickly dissipate below the LOQ following
incorporation to a depth of 20 cm. Perhaps this is attributed to longer term sorption that
the validation would have overlooked or alternatively the difference in sample depth and
incorporation (10 < 20 cm) (Wehrhan et al., 2010). The three antibiotics that were
detected within the groundwater were lincomycin, sulfadiazine and trimethoprim. The
concentrations were in the range of ng/L and they were found to persist for up to nearly
a year. Currently there is very little literature available regarding the persistence of
antibiotics within groundwaters, however it has been a concern amongst researchers for
some time now (Bilal et al., 2020). Of the published literature Ahmad et al., (2014)
demonstrated chlortetracycline to remain stable for 12 d in synthetic groundwater and
Frey et al., (2015) reported tylosin to persist for 211 d in groundwaters. Persistence
within groundwaters presents a concern that veterinary medicines may accumulate within
groundwater following the repeat application of contaminated animal manures
(Kampouris et al., 2022).
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The aim of this chapter was to investigate whether FOCUS_PEARL modelled predictions
were in-line with the concentrations monitored in groundwater at Spen Farm. The default
Chateaudun scenario predictions were the best suited to the measured environmental
concentrations, this was expected given that the soil and climatic conditions were similar.
The majority of the assessed antibiotic compounds the predictions were found to surpass
the detections made in groundwater. An exception of this was for sulfadiazine under the
Chateaudun scenario. The concentrations presented were comparatively minor in
comparison to the detections made within groundwaters at the Farm. These results were
generally in-line with other studies that have investigated this (Montforts, 2003; Labite
et al.,, 2013). This study demonstrates that the risks of veterinary medicines in the
environment can be alleviated should good husbandry and veterinary practices be
followed. Good practices may include, improved housing for animals such as sanitary
conditions with adequate space and light, as well as the administration of veterinary

medicines on a case-by-case basis via injection (Ricker et al., 2020).

The results of Chapter 5 demonstrate: 1. Intensive animal husbandry can contaminate
groundwaters 2. Antibiotic compounds can persist within groundwaters to a depth of 44
m for up to ayear. 3. Current veterinary medicine leaching modelling predictions surpass

those of measured environmental concentrations.

6.2 Implications of Findings Towards the Risk Assessment for Veterinary
Medicines and Future Research

The presented data in Chapters 1 and 2 demonstrates that environmentally realistic
manure properties such as pH and redox can significantly alter the degradation rates of
veterinary medicines. Therefore, it was only fitting to assess whether these differences
would result in variation for the assessed risk within the environment. In order to do so
the following section used the derived fate data (DTso) to calculate the PEC il refined TOr

each experimental treatment, this data was then compared to terrestrial and aquatic effect
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data to distinguish whether altered degradation rates drove differences in identified risk
(VICH 2000; VICH 2003). For the purpose of this exercise fattening pigs (62 to 125 kg)

were selected.

In order to quantify the differences in risk an environmental risk assessment was
conducted which encompassed both phases | and 11. The analytes selected for this were
florfenicol, tylosin, and sulfamethoxazole, the veterinary products of which are Amphen,
Pharmacin, and T.sol respectively. These antibiotic compounds were selected for this
evaluation due to, their significant differences within degradation rates, as well as the
availability of reliable ecotoxicological effect data. The products were selected for this
assessment as they contained the highest available administration dose within the
available Summary of Product Characteristics documents (VMD, 2021). This was
considered an essential aspect in order to investigate the variation on a worse case basis;
this is also routine practice within the environmental risk assessment. The
physiochemical properties of the selected antibiotic compounds that were used in the

model are presented in Table 6.0.

Table 6.0: Summary of florfenicol, tylosin and sulfamethoxazole physical-chemical

properties.
Substance Molecular Water Dissociation Vapour Octanol-water
mass (g/mol) solubility constant range pressure (Pa)  partition
(mg/L) Kror Koc coefficient

(geomean) (Log Kow)

Florfenicol 358.21 1320 b Range of four soil 18.26 ¢ 0.37b
types Ko 10 -27
(18.38) b

Sulfamethoxazole 253.279 610 c 219d 9.2x10° ¢ 0.89e

Tylosin 916.1 5000 a Range of four soil 13.33 ¢ -341¢g

types Ko 553 —
7988 (2095.73),
Ki2.3-73.97)f

Footnote: Yalkowsky and He (2003) a, FDA, (2013) b, Chemspider, (2022) (estimated) c, Nguyen Dang Gjang et al.,
(2015) d, Chen et al., (2017) e, Rabglle and Spliid, (2000) f, Loke et al., (2000) g.
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6.2.1 Phase |

Using the Spaepen, (1997) model and the aforementioned SPC documents the PEC il
initial Was calculated. The simple model and scenarios used are also defined within the
guidance document EMA, (2016). The model encompasses a total residue approach and
is designed to consider a ‘worst-case’ scenario. This assumes that the total administered
dose is excreted, and no dissipation occurs during manure storage or following the
application of slurries to land. The model also utilizes a soil incorporation depth of 5
cm following the application of manures to land. Other default values utilized are, bulk
density, nitrogen produced in one year per place, animal turnover, and the fraction of
the herd being treated (Table 6.1). The only values that are altered within this

assessment are the administration dose and the duration of administration.

As can be seen in Table 6.2 all of the assessed products resulted in PEC soil initial Values
that far exceeded the action limit of 100 pg/kg (VICH, 200; and EMA, 2016).
Therefore, a Phase 11 tier A risk assessment would be required to fully assess products

the risk towards terrestrial and aquatic organisms.

Table 6.1: Phase I tier A assessment for Amphen, Pharmacin, and T.sol
containing the husbandry scenarios and treatment data that was
used to calculate the PEC soil initial (spaepen et al., 1997).

Active Animal P BW (Kg) Ny (Kg/N/ H(-) D Ad
(Animal place/year) (mg/kgow  (d)
placel/year) /d)
Florfenicol
5 5
Fattening 3 25-125 7.5 1
Tylosin pigs 20 10
Sulfamethoxazole 20 4
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Table 6.2: Phase | tier A PEC initial derived using the Spaepen, (1997)

model.
Active PEC soitinitial (Mg/kg) PEC groundwater (ug/L) PEC surface water (ug/L)
Florfenicol 147.3 83.22 27.74
Sulfamethoxazole 1178 .7 29.61 9.87
Tylosin 4715 7.94 2.65

Footnote: PEC i inita = Predicted environmental concentration in soil (ug/kg). D = Daily dose of the active

ingredient (mg/kgew/day), Ad = Number of days of treatment (days), BW = Animal body weight (kgow), P = Animal
turnover rate per place per year (place/year), 170 = EU nitrogen spreading limit (Kg/N/ha), Fh = Fraction of herd
treated (0 - 1), 1500 = Bulk density of dry soil (kg/m?3), 10000 = Area of 1 hectare (m?ha), 0.05 = Depth of incorporation
into soil (m), Ny = Nitrogen produced in one year per place (kg/N/placely), H = Housing factor (0.5 - 1)

6.3 Phase II Tier A

6.3.1 Risks to soil microbes

At concentrations of 0.5 to 2.5 mg/kg (d/w) florfenicol was identified to result in a
transient effect on nitrogen transformation in soils. The authors reported a <25%
reduction in nitrogen transformation in comparison to the controls (FDA, 2013). In a
similar assessment Tylosin reduced nitrogen transformation by 66.3 % over a 28 day
exposure assessment (Anses, 2018). Sulfamethoxazole was identified to be the least toxic
towards microorganisms responsible for nitrogen transformation with a 10% reduction
observed (Zheng et al., 2021).

The antibiotics effects towards soil fauna (E.fetida) are summarised in Table 6.3, where
florfenicol was observed to have a NOEC of 1.56, sulfamethoxazole had a LCso of > 4000
mg/kg, and tylosin’s NOEC was 149 mg/kg. Sulfamethoxazole was reported to be non-
toxic towards E.fetida with a LCso value of >4000 mg/kg being reported, therefore there
were no available NOEC values within the literature (Anses, 2018; FDA, 2013; and Pino
etal., 2015).
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The presented terrestrial effect data (Table.6.3) was compared to the PEC sil initial tO
generate a risk quotient (RQ) (Table.6.4). In order to do so an assessment factor of 10
was applied to the NOEC to generate the Predicted No Effect Concentration, the PEC
soil initial (ug/kg) was then compared to the PNEC (pg/kg) to derive the RQ (0-1). From
this assessment it is apparent that at the PEC il initia florfenicol would present a risk
towards E.fetida whilst for tylosin and sulfamethoxazole no risk was identified (Table
6.4).

Table 6.3: Summarized terrestrial ecotoxicological effect data from the available

literature.
Micro-organisms Terrestrial organisms
Substance Nitrogen Toxicity Earthworm Toxicity
transformation (28 Endpoint (mg/kg reproduction Endpoint (mg/kg
days) diw) (NOEC) diw)
Florfenicol <25% a 05t025a E.fetida 156a
Sulfamethoxazole 10% b 0.1b E.fetida LCso > 4000 c
Tylosin 66.3% d N/A E.fetida 149d

Footnote: FDA, (2013) a, Zheng et al., 2021 b, Pino et al., 2015 ¢, Anses, (2018) d.

Guideline: a — Nitrogen transformation OECD 216 (OECD, 2004), earthworm reproduction OECD 222 (OECD,
2000); b nitrogen transformation in accordance with OECD 216 (OECD, 2004), earthworm reproduction did not

follow any OECD compliance.

Table 6.4: Risk quotient for florfenicol and tylosin using the collated terrestrial

effect data.
Substance PEC soil initial NOEC PNEC (ug/kg) Risk quotient
(ng/kg) (Lg/kg) (NOEC/10)
Florfenicol 294.67 1560 156 1.88
Sulfamethoxazole 471.35 N/A N/A N/A
Tylosin 1186.67 149000 14900 0.079

Footnote: A assessment factor of 10 was applied to the NOEC to generate a PNEC.
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Presented below is the obtained ecotoxicological effect data of florfenicol,
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sulfamethoxazole, and tylosin towards plants (Table 6.5) The most sensitive species

was selected for the calculation of the RQ, for this assessment the effect concentration

that caused a 50% effect towards the population (ECso) was utilized. The most sensitive

species were L.sativum, A.cepa, and O.sativa for florfenicol,

tylosin and

sulfamethoxazole respectively (FDA, 2013; Richter et al., 2016; Liu et al., 2009). It is

apparent that florfenicol is more toxic towards a range of plants than tylosin and

sulfamethoxazole however all RQ assessments resulted in extreme risk when

comparisons were made to the PEC il initiar (Table 6.6). This indicates that should 100%

of the administered active ingredients be excreted and applied to land a negative affect

towards plant species is to be expected.

Table 6.5: Florfenicol and tylosin ecotoxicological endpoints for terrestrial

plants.
Substance Species Endpoint ECso Reference
(malkg
d/w)
L.Sativum (Cress) 0.5 FDA, (2013)
Florfenicol B.nigra (Mustard) Biomass 1.7 FDA, (2013)
Triticum (Wheat) 6.7 FDA, (2013)
B.oleracea (Cabbage) 0.85 FDA, (2013)
A.Sativa (Oat) Germination 69 Liu et al., (2009)
Sulfamethoxazole Oryza sativa (rice) Root length 13 Liu et al., (2009)
Cucumis sativus Root length >300 Liu et al., (2009)
(cucumber)
A.cepa (Onion) 41.3 Richter et al.,
(2016)
Tylosin A.Sativa (Oat) Biomass 603 Richter et al.,
(2016)
B.napus (Rapeseed) 61.9 Richter et al.,
(2016)
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S. lycopersicum 74 Richter et al.,

(Tomato) (2016)

P.Vulgaris (Bean) 107 Richter et al.,
(2016)

Footnote: FDA, (2013) plant tests were in accordance with OECD 208 (OECD, 2006). Liu et al., (2009) plant
tests followed OECD 208 (OECD, 1984).

Table 6.6: Risk quotient for florfenicol and tylosin using the collated terrestrial

effect data.
Substance PEC soil initial ECso PNEC (pg/kg) Risk quotient
(Hg/kg) (Lg/ka) (EC50/100)
Florfenicol 294.67 500 5 58.93
Sulfamethoxazole 4715 13000 130 3.62
Tylosin 1186.67 4130 41.3 28.73

Footnote: A assessment factor of 10 was applied to the NOEC to generate a PNEC. Values in bold indicate a risk.

6.2.2 Aquatic

6.2.3 Primary producers

Presented below is the available literature regarding the ecotoxicological effect of the
assessed antibiotics towards aquatic organisms (Table 6.7). Within aquatic effect
assessments cyanobacteria are considered the most sensitive taxa, which is not surprising
given their bioactive mode of action (EMA, 2018). Therefore, to consider their ‘worst-
case’ effect comparisons are made towards cyanobacteria. As can be seen within Table
6.8 Anabaena flos-aquae, R.subcapitata and Microcystis aeruginosa were the most
sensitive towards florfenicol, sulfamethoxazole and tylosin respectively. Table 6.9
demonstrates that should the assessed antibiotics be present within surface waters at the

PEC surface water initial then a substantial effect towards cyanobacteria will occur.

6.2.4 Aquatic invertebrates
Routine practice is to then assess the risk towards Daphnia magna as these are typically

the most sensitive aquatic invertebrate and their presence within the environment is
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critical as they play a fundamental role within the aquatic food chain (Tkaczyk et al.,
2021). The risk quotient for florfenicol demonstrated a risk towards Daphnia magna,
whereas for sulfamethoxazole and tylosin no risk was identified (Table 6.10). There was
no available literature regarding the toxicological effect of tylosin or sulfamethoxazole
to fish, whereas for florfenicol there was (FDA, 2013). The calculated risk quotient
demonstrates that florfenicol would present a high risk towards Oncorhynchus mykiss

following exposure to the aquatic environment (Table.11).

Table 6.7: Collated aquatic ecotoxicological data for florfenicol and tylosin.

Substance Species Toxicity Value ECso Reference
(mg/L)
Oncorhynchus mykiss <780 FDA, (2013)
Lepomis marochirus >830 FDA, (2013)
Daphnia magna (reproduction) 7.6 Martins et al., (2013)
Florfenicol Navicula pelliculosa 61 FDA, (2013)
Pseudokirchneriella 1 FDA, (2013)
subcapitata
Lemina gibba 0.76 FDA, (2013)
Anabaena flos-aquae 0.23 FDA, (2013)
R. subcapitata 0.49 Zhang et al., (2021)
V. fischeri >100 Osorio et al., (2016)
Sulfamethoxazole Daphnia magna 75.3 Osorio et al., (2016)
Lemna gibba 0.81 Grenni et al., (2019)
Daphnia magna (reproduction) 680 Wollenberger et al., (2000)
Lemina gibba (growth) 7.25 Brain et al., (2005)
Tylosin Microcystis aeruginosa 0.034 Halling-Serensen (2000)
(growth)

Footnote: All studies used in risk quotient derivation followed the appropriate OECD guidelines such as 1SO, (1989)
protocol and OECD 211 (OECD, 2012).
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Table 6.8: Risk quotient for florfenicol and tylosin towards primary producers

(cyanobacteria).

Substance PEC surfacewater ~ ECso PNEC (ug/L)  Risk
initial (MQ/L) (Lg/L) (ECs0/100) guotient

Florfenicol 55.5 230 2.3 24.13

Sulfamethoxazole  9.87 490 4.9 2.01

Tylosin 2.65 34 0.34 7.79

Footnote: A assessment factor of 100 was applied to the ECso to generate a PNEC.

Table 6.9: Risk quotient for florfenicol and tylosin towards Daphnia magna.

Substance PEC surface water ECso PNEC (ug/L) Risk quotient
initial (MQ/L) (Lg/L) (ECs0/1000)

Florfenicol 55.5 7,600 7.6 7.30

Sulfamethoxazole 9.87 75,300 75.3 0.13

Tylosin 2.65 680,000 680 0.003

Footnote: A assessment factor of 100 was applied to the ECso to generate a PNEC.

Table 6.10: Risk quotient calculation for florfenicol to Oncorhynchus mykKkiss.

Substance PEC surface water ECSO PN EC (Hg/l_) RISk
initial (LQ/L) (ug/L) (ECs0/1000) guotient
Florfenicol 55.5 780,000 780 0.071

Footnote: A assessment factor of 1000 was applied to the ECso to generate a PNEC.

6.2.3 Groundwater
In order to assess the risks of florfenicol and tylosin towards groundwater organisms an

assessment of risk was conducted which first investigated the PEC groundwater initial (Table
6.11). This involved using the calculated PNEC for cyanobacteria; for which a further
AF of 10 was applied. For groundwater initial (Step 1) the generated RQ’s were
elevated for all antibiotics indicating a risk towards groundwaters.
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Table 6.11: Groundwater step 1 assessment towards cyanobacteria the most
sensitive species for the selected substances.

Substance PEC groundwater initial PNEC (pg/L) RQ
(hg/L)
Florfenicol 166.65 0.23 7.24x 10°
Sulfamethoxazole 29.61 0.49 60.42
Tylosin 7.94 0.034 2.3x10°

Footnote: PNEC generated from cyanobacteria PNEC surface water /10.

6.2.4 Phase 11 Tier B

6.2.4 Terrestrial

Should a risk be identified then a tier B study is routinely conducted which considers
environmentally relevant processes such as, excretion, dissipation, adsorption, manure
degradation, and soil degradation. For the purpose of this exercise the data derived in
chapters (1 and 2) were utilized to refine the PEC soil initial. The purpose of doing this was
to assess whether the differing environmentally relevant manure treatments (pH’s and

redox potentials) would outline differences in risk following the exposure to land.

For the purpose of this equation’s 1 and 2 was used to refine the PEC soilinitial, this involved
using the calculated DTso values (Table 6.12). As can be seen from the dataset the
differing rates of degradation in varying treatments resulted in varying rates of risks
towards the most sensitive terrestrial plant . As a result of reduced degradation florfenicol
and tylosin were identified to be a risk towards B.napus and T.pratense when pig slurries
are acidic (pH 5.5). Comparatively sulfamethoxazole was identified to a risk towards
Oryza sativa when pig slurries have a pH of 8.5, this was a result of the inhibited

degradation under alkaline conditions.
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Equation 2:
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(- ln(2)><(

2

DT50

Mtx170

1500x10000%X0.05XNs

Where: Mt = mass of active in manure/slurry after the mean storage time (mg), Mi = Mass of active in

manure/slurry (mg) (PEC manure initial), Tst = length of time manure is stored (days), DTso = half-life of

active in manure (days), 170 = EU nitrogen spreading limit, 1500 = bulk density of dry soil (kg/m?), 10,000

= area of 1 hectare (m?/ha), Ns = nitrogen produced during storage time (kg/N).

Table 6.12: Terrestrial risk quotient derivation using manure degradation data
derived in Chapters 2 and 3 for florfenicol, sulfamethoxazole tylosin at
differing pH’s and redox conditions.

Substance pH/redox DTsy, PEC Most ECw PNEC Risk

potential soil refined  SENSitive pno/kg  (Hg/kg) quotient

(ug/kg) plant (EC=0/100)
species

8.5 0.08d 2.18 x 2.135x10°
10—93 95

7 0.08d 2.18 x 2.135x10°
10—93 95

B.napus 5000 50
55 8.7d 141.11 - 2.82
Florfenicol (biomass)

-100mV ~ 2.07d 0.005 0.0001

-250mV  1.23d 1.2x 2.39 x10°
10—5 7

-400mV  0.92d 8.5x 1.7 x 10°
108

8.5 0.14d 1.89x 1.41x10°
10—50 26

7 1.47d 0.017 0.022

55 9.75d 707.16 918.38
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Tylosin -100mV  0.28d 1.09x  T.pratense 8.98 x 100
-26 27
10 (biomass) 7700
-250mV  0.39d 1.45x 6.26 x 10
10—18 19
-400mVvV  0.81d 1.9x 8.17 x 10
10-8 9
8.5 511 51.36 2.57
7 1.31 0.0016 0.00008
55 0.85 9.46x  Oryzasativa 4.73 x 100
-7 8
Sulfamethoxazole 10 (root length)
-100mv 148 17.10 2000 20 0.85
-250mv - 3.92  7.78 0.39
-400mv 335 0.0073 0.000365

Footnote: A assessment factor of 100 was applied to the ECso to generate a PNEC. Ecotox data derived from
Richter et al., (2016).

6.3.5 Aquatic

The PEC groundwater refined Was calculated using the calculated PEC il refined to generate the
application rate (kg/ha) which was then used as an input into the modelling software
PEARL. This provides a more accurate assessment of the concentrations likely to be
detected within groundwaters following the application of manures to land. Such an
assessment includes additional parameters not utilized within step 1, these values
include the manure degradation data that was derived under differing pH and redox
conditions (DTso values generated during Chapter’s 1 and 2), soil degradation (DTso)
and adsorption coefficients (Koc and Ks). In order to conduct this assessment, the DTsg
values were applied to equation’s 1 and 2 to derive the PEC soil refined, this value was
then converted into application rate (kg/ha) using equation 3. The application rate was
then used as the input value within FOCUS_PEARL in order to generate the PEC

groundwater refined.
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Equation 3: Application rate (kg/ha) = (PECsy refinea (Lg/kg) X soil depth (m) x bulk density (kg/
m3) /10000

Within step 2 tylosin was not estimated to be leachable into groundwater and therefore no
comparisons could be made. For florfenicol a risk was identified when using the acidic manure
DTso, a RQ of 144.3 was calculated indicating a considerable risk (Table 6.13). Conversely
sulfamethoxazole was identified to be a risk towards cyanobacteria when manures are stored
under alkaline conditions. In addition, anaerobic to reduced redox conditions (-100 to -250 mV)

were identified to have a groundwater risk.

Table 6.13: Groundwater step 2 a refined assessment of the effect of florfenicol
towards cyanobacteria utilizing the modelling suite FOCUS_PEARL to
provide a more accurate estimation of the concentrations likely to be leached
to groundwater following the degradation in pig slurries at differing pH’s
and redox potentials.

Substance Manure PEC groundwater refined PNEC (ug/L) RQ
degradation (ng/L)
treatment
pH 8.5 0 0
pH 7 0 0
Florfenicol pH 5.5 33.19 0.23 144.3
-100 mV 0.001851 0.008
-250 mV 0.000005 2.17x10°
-400 mv 0 0
pH 8.5 6.05 12.34
pH 7 0.000192 3.92x10*
Sulfamethoxazole pH5.5 0 0.49 0
-100 mV 2.02 4.12
-250 mvV 0.918 1.87
-400 mv 0.00085 0.0017

Footnote: PNEC generated from cyanobacteria PNEC surface water /10. Bold = risk (RQ <1).
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6.3 Discussion

As expected various risks were identified within Phase | of the risk assessment. This
screening exercise investigated the risks with a ‘total residue’ approach assuming the
worst case scenario in that 100% of the administered dose was excreted and applied to
land (Spaepen, 1997; VICH, 2000; VICH, 2002). In conducting this assessment it was
clear that florfenicol was the most toxic of the assessed analytes. Risks were identified
in both the terrestrial and aquatic compartments, for example E.fetida, L.satvium,
Daphnia magna, and cyanobacteria species had RQ values > 1 for the Amphen product
(FDA, 2013). Sulfamethoxazole was also identified to have risks in both the aquatic
compartment and the terrestrial with effects being noted towards cyanobacteria and
Oryza sativa (Liu et al., 2009; Zhang et al., 2021). Similarly risks were observed for
cyanobacteria and the most sensitive terrestrial plant for tylosin (B.napus) (Halling-
Sgrensen, 2000; Richter et al., 2016).

The presented risk assessment demonstrates all of the veterinary medicines used in this
exercise will have moved into Phase Il of the risk assessment (VICH, 2000). The
derived manure degradation data that was used in Chapters 2 and 3 was used to calculate
a PEC il refined Which was then used for further assessments of risk (sections 6.2.4 to
6.3.5). Here it is clear that manure properties such as pH and redox potential could
ultimately drive differing outcomes within the risk assessment. For example, florfenicol
and tylosin were reported to be a risk towards B.napus and T.pratense when slurries are
stored under acidic conditions (pH 5.5) (FDA, 2013; Richter et al., 2016). Conversely
sulfamethoxazole was revealed to present a risk towards Oryza sativa when pig slurries
are alkaline (pH 8.5). This is an interesting outcome in that manure processing such as
acidification would ultimately increase the risk of florfenicol and tylosin in the
environment but not sulfamethoxazole. Sulfamethoxazole was identified to be a risk
towards rice under alkaline conditions, which is a commonly reported pH within the
scientific literature (Weinfurtner. 2011; Joubin 2018). This indicates that differences in
identified risk can occur at pH values routinely reported in the scientific literature.
Interestingly no differences in risk towards terrestrial plants was observed under

differing anaerobic redox potentials.
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As a result of varied degradation rates in differing manure properties differences in the
groundwater leaching assessment were observed. Typically, florfenicol’s presence in
groundwater would not be expected, this is a result of the compounds instability
(Chapters 2 and 3) (FDA, 2013). However, as a result of inhibited degradation in acidic
conditions the groundwater concentration was estimated to be 33.9 pg/L and a risk
towards the most sensitive taxa, Anabaena flos-aquae (cyanobacteria) was identified.
Although a significant difference was observed between the degradation rates of
florfenicol at varying anaerobic redox potentials no difference in risk was identified
within the risk assessment. For tylosin no difference in risk was identified towards
groundwater, this was a result of its high dissociation constant which indicates that it

would be immobile.

Based on the presented risk assessment for florfenicol, sulfamethoxazole, and tylosin it
is clear that manure degradation assessments should be conducted on numerous
manures with differing properties. Otherwise the risk assessment could result in the
overestimation of concentrations applied to land and inaccurately assess their risk
towards non-target terrestrial and aquatic organisms (Ingerslav et al., 2003; Kemper et
al., 2008; Heuer et al., 2011; and Shao et al., 2018).

Agricultural techniques are constantly evolving which creates a knowledge gap
regarding our understanding of how these processes effect the environmental fate of
veterinary medicines. Chapter 4 attempted to bridge this knowledge gap in terms of
how manure application method can effect veterinary medicine losses to water. The
study clearly demonstrates that conventional slurry broadcasting prior to an irrigation
event results in the greatest losses of veterinary medicines to water and therefore
creates the greatest risk to aquatic species. Typically farmers will incorporate slurries
after broadcasting which was identified to be in the best practice in terms of reducing
veterinary medicine mass loads in water, although timely incoropration does not always

occur. For example, Smith et al., (2016) completed a survey of UK farms and
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demonstrated that 80% of pig farms broadcasted their slurries and only 30% were
incorporated within 1-7 days and 20% within > 1 week. Moreover the author outlined
20% of slurries were not incorporated, although it was not clear whether this was related
to the reduced requirement to do so when using advanced injection technologies (CTIC.
2004; Maguire et al., 2011; and Niles et al., 2019). It is therefore evident that there is
currently a risk of greater expossure to receiving waters surrounding areas of intensive
agriculture using broadcast alone. Should we wish to achieve good surface water quality
and protect aquatic species considerations towards this phenomenon is needed
(European Commission 2000/60/EC).

Advanced injection methods have been identified to reduce the transport of veterinary
medicines to receiving waters over that of broadcasting. Although this practice was not
found to be as efficient as incorporating slurries. However, the benefits of injecting
slurries for soil health potentially outweigh the efficiency of incorporating for retaining
veterinary medicines in soils. For example, regenerative farming approaches have
identified that routinely incorporating slurries via ploughing can impair soil health and
functioning via compaction below 20 cm depth which impairs root functioing and the
soils hydrology as well as disrpution to terrstrial organisms (Hetesi, 2019). De Oliveira
et al., (2012) demonstrated that ploughing impaired earthworm populations (A.
caliginosa and A. rosea) by up to 80% which was also found to persist throughout the

studies duration (2 years).

Manure application techniques evidently have a significant effect on the transport of
veterinary medicines to waters. Therefore these techniques need to be considered within
the risk assessment for veterinary medicines, specifically within the modelling
approaches such as SWASH and FOCUS_PEARL (VICH, 2000). Currently these
models assume slurries to be immediately incorporated into soils, which often is not the
case. Moreover, no consideration is given towards advanced applications in these
models, consequently these modelling approaches could be resulting in a
underestimation of the concentrations that are transported to water bodies. Interestingly

this study outlined injecting slurries did not increase leaching over that of broadcast,
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however more assessments are required in order to make validate this (Rotz et al., 2011;
and Fangueiro et al., 2015). The soil type used in this study was a silty clay loam which
was found to cap when replicating injection methodologies, this may not be the case
for other soil types such as sandy soils and therefore this risk is not outlined.

Chapter 5 demonstrated the ability of modern animal husbandry with good veterinary
practices to reduce the exposure of the environment to veterinary medicines. Spen farm
is a smart farm which is adjusting husbandry practices to improve the well being of the
pigs but also reduce the requirement of veterinary medicines whilst maintaining a high
production rate. Antibiotic compounds were detected within the pig slurries that was
sampled from the closed storage silo. The concentrations of these antibiotics were
observed to fluctuate (increase and decrease), although no clear relationship could be
achieved between concentration and degradation. This is a result of potential dilution
from dirty water used to wash the rearing facilities or even antibiotic free excrement as
well as differences in sampling and the homogenerity of the slurry. Interestingly very
little veterinary medicines used at the farm were detected within the soils surrounding
the farm. Field 4 was identified to have oxytetracycline, sulfadiazine, and lincomycin,
however these were found to dissipate quickly (1 month). This could be related to the
shallow sampling method that was used (10 cm) where soils are incorporated to 20 cm
or alternatively due to fate processes such as degradation, long-term adsorption or to a

lesser extent leaching/plant uptake.

Interestingly sulfadiazine, lincomycin, and trimethoprim antibiotics were detected
within groundwater below the farm itself. These antibiotics have a history of use at the
farm as well as being detected within the pig slurry during the studies duration. Whilst
there is potential these detections arose from the farms usage, there was no clear
relationship seen within the soil sampling. Therefore, their origin is currently unknown
given that there are numerous farms within the area which also could have contributed.
These detections were made at depths of 40 m, which indicates their input is dated. It
was interesting to see that these antibiotics persisted within groundwater for the

duration of the study. It is clear from the presented research that ecotoxicological

290



- 291 -

assessments with regards to groundwater need to be aimed at chronic exposures at
concentrations around the ng/L range (O’Dwyer et al., 2017). Moreover, it is at these
lower concentrations where a selective pressure is exerted on microbes forming
antibiotic resistance. For which the risk assessment is not concerned, this generally
needs to change and assessments need to be made regarding ARG formation and

occurrence in the environment and thus food/water.

The FOCUS_PEARL modelling predictions were found to surpass those of the
measured concentrations for lincomycin and trimethoprim, although this was not the
case for sulfadiazine. This is likely attributed towards the reliable degradation and
adsorption data (radiolabelled) which was conducted on a similar soil type to that of the
farm (Lamshoft et al., 2010). This phenomenon reiterates the points raised in Chapters
2 and 3 where degradation data needs to be thorough accurate and assessed over a range
of properties. The FOCUS_PEARL modelling suite is routinely used within the risk
assessment although does not consider numerous inputs from neighbouring farms. The
consequence of this is potentially underestimating the concentrations present within the
environment, although this trend was not observed in Chapter 6 it is a potential for other

regions where husbandry is more intense and veterinary usage is higher.

6.6 Conclusions

In conclusion, the presented research within this thesis demonstrates that realistic
environmental scenarios and processes can alter the fate of veterinary medicines in the
environment. Pig slurry properties such as pH and redox have been identified to be
important parameters in determining the fate of veterinary medicines during on farm
storage. In order to accurately assess the concentrations that would be applied to land
following on farm storage, it is critical to consider numerous manures with differing
properties to be representative of farms as a whole. Currently this is not the case and is
likely contributing towards the variability that is seen between studies and therefore
potentially resulting in inaccurate exposure assessments. Moreover, the acidification
and aeration of slurries is becoming increasingly popular and until now the influence

this has on veterinary antibiotic degradation was unknown. For the majority of the
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assessed analytes acidic slurries inhibited the degradation rate (florfenicol, tylosin and
to a lesser extent oxytetracycline), therefore such practices are likely to increase the
exposure of veterinary medicines in the environment and increase the risk. The
influence of manure processing techniques on contaminant fate needs researching prior
to application in the real-world, such processing should also be considered within the

environmental risk assessment.

Following storage animal manures are typically applied to land, the presented research
demonstrated the capability for veterinary medicines to be transported to waters in both
a semi-field scenario and field scale. This research demonstrated the capability of
modern application methods to enhance the retention of veterinary medicines to soils
and therefore reduce their transport to waters. Therefore, to protect water sources
advanced applications (injections) or incorporating immediately is advised as
broadcasting alone exhibits a greater risk of exposure. It is essential to reduce the
exposure of waters to veterinary medicines considering the toxic effect they have
towards aquatic organisms and the formation of antimicrobial resistance. Moreover,
antibiotics have been demonstrated to persist and accumulate within groundwaters
following the repeated application of animal manures to land. This further exacerbates
the environmental and societal concerns with these contaminants. Although veterinary
medicines were detected in varying environmental compartments at the farm, they were
identified to be substantially lower than that of other publications. This is thought to be
a result of the farm utilizing good veterinary and husbandry practices which have
reduced the burden of veterinary medicines in the environment. Future farm
developments should adopt these innovative methods of animal husbandry in order to

protect the environment but also improve the ethics of modern husbandry practices.

6.7 Recommendations for future research

The presented experimental chapters have produced novel and significant findings
regarding the fate of veterinary medicines in the environment. During this research it
was apparent that further research is required to address additional questions. Therefore,

future work should consider the following:
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In Chapter 1 the influence of pig slurry pH on veterinary antibiotic degradation
was investigated. This was found to have a compound specific effect which was
driven by both biotic and abiotic processes. Therefore, it is crucial to determine
whether similar effects are exhibited within other animal manures such as dairy
and poultry litter. This information would be essential in order to fully
understand the extent in which pH can drive changes within the risk assessment
and the environment.

Chapter 2 explored the effect of pig slurry redox potentials on veterinary
medicine degradation. It would be beneficial to further the understanding of this
through abiotic assessments such as sterile manure degradation trials and
hydrolysis assessments. Moreover, future investigations could investigate
whether anaerobic redox potentials alter the rate or route of transformation
products.

Currently there is little literature investigating the combined effect of redox
potential and pH on the degradation of veterinary medicines. Ali et al., (2011)
completed a study where this was assessed although realistic redox potentials
(anaerobic) and more chemicals require assessing.

For the recommended future research regarding veterinary medicine
degradation in animal wastes, it would be beneficial to conduct future
assessments using radiolabelled compounds. This would have several benefits
and would provide insight into, degradation Kkinetics of metabolites,
quantification of metabolite concentrations (known and unknown), definitive
quantification of the amounts mineralized, and the quantitation of the
percentage lost to sorption.

Chapter 4 investigated the influence of manure application method on
veterinary medicine losses to waters. In conducting this assessment, it was
apparent that future research is required to fully understand the processes
occurring within the environment. It would be beneficial for future assessments
to incorporate numerous soils of differing textures (i.e., sandy soils, sandy silt
loams, loams and heavy clays). Whilst the research was comprehensive what it
was lacking was a detailed understanding of how these methods may differ in

different geographical locations.
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Currently surface water runoff model predictions (FOCUS_SWASH) do not
consider advanced manure application techniques. Future studies should
investigate whether some parameters within the model (such as depth) can be
altered to better predict surface water runoff concentrations.

Chapter 5 contained a field monitoring study to investigate the fate of veterinary
medicines at a specific field site. It would be beneficial to further this
understanding with more field trials and comparisons to modelling predictions.
This would provide a more robust answer to whether modelling predictions
software’s are comprehensive enough to be used within the risk assessment.
Further investigations of veterinary medicine transport to groundwater should
incorporate the analysis and quantification of breakdown products in
groundwaters. Typically, there is very little literature regarding the presence of
transformation products in groundwaters, a quantification of which will
ultimately improve our understanding of the risk of veterinary antibiotics in

groundwaters.

6.8 Generic advice for future studies

Phase | and Il metabolites are not considered in fate assessments, this is a
precursor of laboratory assessments spiking the parent compound. This practice
eliminates the potential assessment of Phase | or Il metabolites which would
have formed within the gastrointestinal tract of the animal (i.e., conjugates).

It would also be beneficial for future studies to investigate whether other manure
properties are of importance in regards the degradation of veterinary medicines.
Currently there is very little information regarding the fate and effects of
veterinary medicines in mixtures. These assessments are unrepresentative of
reality in that these compounds will exist with other veterinary medicines, but
also other agricultural contaminants such as biocides, pesticides, and herbicides.
Therefore, future assessments should consider this if we wish to fully
understand their fate and effects within the environment.

Research should be more concerned with veterinary medicine metabolites and

their fare in the environment but also their effect.
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Currently ecotoxicological effects studies are only conducted over a short
duration and future research should be focussed on lower concentrations over
longer timeframes but also looking at more sensitive endpoints.

There is very little known regarding the concentrations that can form
antimicrobial resistance within the environment, therefore future research
should be concerned in addressing this so that we can fully understand the extent
of the issue.
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Veterinary medicines

ALT — Altrenogest

ASA — Acetylsalicylic acid

AZA — Azaperone

CFT — Ceftiofur

ENR — Enrofloxacin

FLO — Florfenicol

LNC — Lincomycin

MLX — Meloxicam

OTC — Oxytetracycline

SDZ — Sulfadiazine

SMX — Sulfamethoxazole

TMP — Trimethoprim

TYL - Tylosin

Generic scientific terminology

bdl — Below detectable limits

MEC — Measured Environmental Concentration

DTso — Half life

ECso — Concentration at which 50% of the population is inhibited
LCso — Lethal concentration towards 50% of the population
NOEC — No observed effect concentration

LC-MS/MS — Liquid chromatograph mass spectrometry — mass spectrometry
HR-MS — High resolution mass spectrometry

SFO — Single first order degradation kinetics

FOMC — First order multi compartmental degradation kinetics

ORP — Oxidative reduction potential
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OM — Organic matter

OC - Organic carbon

DOC - Dissolved organic carbon

DIC — Dissolved inorganic carbon

PEC — Predicted environmental concentration
SPC — Summary of product characteristics

BC — Broadcast manure application

CS — Chisel sweep manure application (injection)

IC — Immediate manure incorporation (ploughing)
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Appendix A: Supplementary materials for Chapter 1

Table Al: Manure storage and application regulations through EU member states.
(Table amended and edited from Weinfurtner, 2011)

Country Manure Information Reference
storage time
Austria 6 months Prohibited manure application from 15" Eu-Nitrates  Directive
October and 15" February for in- 91/676/EWG-
vegetated soils, and 15" November to Osterreichischer Bericht,
th
15" February for grasslands composed of 2004
peaty-clay soils.
Germany 6 months for Prohibited application times are between LandWritschaftskammer
manure 11 November and 31% January. On tilled NRW, (2008)
T th
10 months land and grassland, it is from 15
st
of pig November and 31* of January.
manure - Application limit for NVZ 230
kg/N/ha™ Van Grinsven et al.,,
(2012)
The At least 6 Application prohibited between 1% Third Dutch action
st
Netherlands months for September and the 31% of January on programme (2004-2009)
all manure sandy soils. 15" October to 12" of
. concerning the nitrates
types January for other soils types.
directive (2005)
Denmark Manure Closed period is from November 15" to Liu et al., (2018)
storage the 1 of February.
capacity 6-9
months
Sweden Manure Closed period is from November 1% to Liuetal., (2018)
storage the 22" of February.
capacity 6-
10 months
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Norway

Ireland

Italy

France

Great
Britain

Manure
storage
capacity 8

months

Storage for
at least 6

months

N/A

6 months for

pigs

And 5
months  for
other
species

- 313 -

Closed period is from November 1% to
the 15" of February.

Manure application banned between 15t
October and 12" of January, depending
on the region this may be extended to 31°
of January (NVZ2).

- Application limit for NVZ 250
kg/N/ha't

Manure application rate is 4 tonnes per

hectare with no specification on manure
type.

Applying manure banned from 1%
November and 15" of November. This

can be extended to 15" of January

depending on arable crop and cultivation.

- Application limit 170 kg N/ha™*

Sand and shallow soils with grass: 1%
September and 31% December.

Sand and shallow soils under tillage 14™"
October and 15t

Other soils under grass: 15" October and

January.

15" January.

Shallow sandy soils on tilled land with
crops sown before 15" September: 16™

September to 31 December

Other soils with tillage: 1% October to

15" January.

Liuetal., (2018)

Good

Practice

Agricultural

for Protection of Water,

(2008)

Montforts, (2008)

Chambre d’Agriculture

Vienne, 2009

Defra, (2013) and NFU,
(2017)
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- Application limit for NVZ 250
kg/N/hat

Slovenia Manure Dependent on region
stored for at
least 4 to 6

months
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Table A2: Pig manure and slurry properties.
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Moisture
content NH.*
. (A)

Matrix and Total Total . . BOD
storage pH azter shosphoru organic inorgani rcét’i\:) TKN Or Nitrogen g;gt?enr'c (A)/CO  Reference
details carbon c carbon D (B)

content

(B) NHs*-N
N/A 2(B)  3260mg/L 411 glkg 6830 Blackwell et al,

(2005)
mg/L

Pigstury 04 7.04 g/kg ;?k'g?’ Chu et al., (2017)
Compost ~ 5.11 Chu et al., (2017b)
Pig S|urry 8 72.30 % 44.10 % 15.5 2.85% Hu et al., (2011)

86g/kg 1.9+0.4 4.5+0.6 g/kg

(B) g/kg (A) Bousek et al., (2018)

713 68% 399.60 15.38 25.9 745425,  39.8 g/L
Lactating (A) g/kg g/kg 6 g/kg (A) Chen et al., (2018)
SOWS 60 g/L
(B)
- 0/4- -
;? gg 5A)% 3?]_4 168 Lamshoft et al,
' ( A') (2010)
0 0,

N/A 7.68 66.3% 12.01 g/kg 9.01 30.36 64.30 % Wu et al., (2018)

(A) g/kg

0, 0, 0 0,

Pig slurry 7.13 Z:)/o 30.74 % 7.6 4.03 % 72.10 % Selvam et al., (2012)

443¢g/lL 1.7¢g/L 422.2 g/L 153.35 98.2 g/L (B) Ingerslav and
Pig slurry (B) g/L Halling-Sgrensen

2001
0, 0, 0,

Pig slurry 7.3 22)/0 34.28% 4.11% Kim et al., (2012b)
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Pig slurry

Fattening
pigs
Liquid
slurry

Sow
manure

Pig manure

Pig slurry

41
commercia
| swine
farms
Korea
(average)
Farrowing
SOWS
(Fresh and
stored)
Finishing
pigs
(Fresh)
Weaning
pigs
(Fresh)

7.4

7.94

6.97

5.56

6.7

7.09
-7.9

7.0-

7.2

6.3-
6.6

68.70 %
(A)

74.3 %
(A)
78.07 %
(A)

2g/L

94.9%
and
95.9%
(A)

92.9 %,
935 %
(A)

95.1 %,
95.5 % (
A)

33.80 %

448.8
mg/Kg
36%

35.50%

- 316 -

12.90%

698.21
ma/kg
(M

2.4 g/kg, 2.2
g/kg (A)

3.3 g/kg, 3.2
a/kg (A)

2.3 g/kg and
2.3 g/kg (A)

2.60%

46.1
mg/Kg

25.6 +

0.08 g/kg

36.10
ma/kg
2 g/kg

4g/L

3.5 g/kg,
3 g/kg,

5.2 g/kg,
4.8 g/kg

3.7 g/kg,
3.4 g/kg

4.3 g/kg
(A), 10
g/kg (B)
20 g/L
(A), 40
g/L (B)

Linetal., (2017)

Stone et al., (2009)

Kreuzig and Holtge,
(2005)

Shi et al., (2012)

Wang et al., (2015A)

Wang et al., (2015B)

Kreuzig, (2010)

Suresh et al., (2009)

Blanes-Vidal et al.,
(2009)

Blanes-Vidal et al.,
(2009)

Blanes-Vidal et al.,
(2009)
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Swine
effluent
(totals)

Total
slurry

Liquid
slurry

Swine
slurry

Pig slurry
(M

Swine
slurry

Pig slurry
Pig slurry
Pig slurry
Pig slurry

Pig slurry

Fattening
pigs
Finishing
pigs

7.9

6.3-
6.5

8.1

7.7-
7.59
7.46

5.5-
8.17
7.43

6.3
6.31

8.65
8.07
-8.9

62 mg/L
96.8 %
(A)
9475% 1.7-3%
(A)

3.10%

81g/kg 1.05 g/kg
(B)

95% (A)
14.5-28.6%B

17.82%
B

2.27 %B

73.4-76.5g/kg (B) DM

- 317 -

5.8

48.10 %

37

0.064-0.313 mol/L

187 g/kg

2.58 kg
N m-3

335 mg/L(B)

10% (A)

392 mg/L

0.5%
(A) and
0.28 %
(B)
6..3-9.1%
(A), 3.3-
5.7% (B)
48.1%
(A),

5.8 g/kg
Available
1 1.1 g/kg

2.01 kg N m3(A)

206.9 mmol/kg (A+B)

0.56-1.13g/kg(A)

Adeli et al., (2008)

Ndayrgamiye and
Cote, (1989)

Coudhary et al,
(1996)

Larkin and
Honeycutt, (2006)

Sommer et al., (2007)

Bunning (1997)

Sommer &
Husted, 1995
Martinez-Suller et
al., 2008
Martinez-Suller et
al., 2008

Moral et al., 2005
Paul &
Beauchamp, 1989

Canh et al.
1998/1

Canh et al., 1998/2
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6.3-  290-402g/kg (B) DM 0.8- 9.5-16g/kg (T)
Finishing 8.4 2.65g/100g(A
pigs ) Canh et al., 1998/3
7.21 75.3-81.2g/kg (B) DM 5.43- 7.65-11.3g/kg(T)
Finishing - 8.83g/100g(A Canh et al., 1998/4
pigs 9.14
757 4.4-
Finishing - 5.9% h?kzg?A?;Zg Dourmad &
pigs 892 (B) 3.05-5.48g/kg(T) Jondreville , 2007
6.68 13.76-97.6 g/kg(B) 62.9-78% of  657.2-78.2g/kg DM
Finishing - total N Kreuzer et al.
pigs 8.42 1998
7.26 2.6-2.7g/kg(B)
Finishing -
pigs 7.77 Le etal., 2009
7.75
Finishing -
pigs 7.89 Le etal., 2008
Finishing 6.47 116.2 mg/L total OP 2.88 g/l
pigs Luo et al., 2002
Finishing 6.7-
pigs 8.17
(Lombardy Martinez-Suller et
) al., 2008
H -3
SF:\;;;)Wlng 7.46 15.02 kg/m™ (B) _23.29kg/m Moral et al., 2005
6.88 0.9-1.07 0.42-0.78kg/N/m 1.8-3.42
- kg/P/m3 (0C) kg N/m-3 Martinez-Suller et
Sow 7.77 al., 2008
Thiel
e
Bruhn
and
Aust,
Fattening 1.75% (2003
pigs 48  4%B oC 12.60% 0.14% N (total) )
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70.36%
Pigslurry 511 A 7.04g/kg (total) 16.76 29.63g/kg (total) Shan et al (2017)
Fattening
pigs 6.91 1.12mg/g (organic) Huang et al (2011
Table A3: Property data for poultry litter.
Matrix pH EC uS/cm Moisture content Phosphorus  Organic C:N TKN  NH4* Nitrogen Organic Reference
(A) carbon ratio matter
Or
Dry matter
content (B) NH4*-N
Fresh 6.5 27.1g/kg  461g/kg 8.47 4.2 54.3 g/kg Mahimairaja et
poultry al., (1994)
manure g/kg
Broiler 6 7.55¢9/kg  325.3 g/lkg 34.1 g/kg Baoetal.,
chicken (2009)
34.52 g/kg Baoetal.,
(2009)
Broiler 6.95 10.8dS/cm  55% 184 9/kg 35% 8.1 43.7 g/kg Ho et al., (2013)
chicken -
hay
Broiler 57.67-82.12% 0.03-1.51% 32.64 - 3.93-7.11 % 63.41- Quiroga et al.,
chicken (9 38.73 % 71.44%  (2010)
farms) (TC)
Poultry 7.73 5.1 0.1g9/kg 53g/kg Huang et al.,
(2017)
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Poultry 9.64 5.02 dS/m 38% 288.4 g/kg 9.72 27.5 g/kg Dias et al.,
manure (T) (TOC) (2010)
Water 7.4 93.9 % 3.9 555¢g/L 6.81¢g/L Gelegenis et al.,
diluted (B) (2006)
poultry
manure (T)
Layer hens 8.37+0.06 3.94+0.10 72.59+0.97% 43.37% 9.53 4.55% (dw) 78.07+  Petricetal.,
(M dS/m (dw) 1.83 % (2009)
(dw)

Layer hens 7 9.36 g/lkg  313.1 g/kg 34.52 g/kg Bao et al., 2009
Layer hens 8.06 £0.2 71.4 +7% 4+0.5g/kg 13.7+1.2 Chepete et al.,
28 w old (B) g/kg (Total) (2011)
Layer hens 8.5%0.2 75+1.7% 4005 8.1+1.4 g/kg Chepete et al.,
29 w old g/kg* (organic) (2011)

12.1+£1.2

g/kg (total)
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Layer hens 8.5+0.2 71.6£1.7% 4.8+0.5  10+1.4 g/kg Chepete et al.,
30 wold g/kg* (organic) (2011)
14.8+1.2
g/kg (total)
Layer hens 8.9+0.2 73.6x1.7% 5.0+0.5  7.9+1.4 g/kg Chepete et al.,
31w old g/kg* (organic) (2011)
12.9+1.2
o/kg (total)
Table A4: Property data for cattle manures (dairy or beef)
Matrix pH Moisture content  phosph  Organic C:N NH4+-N Nitrogen Organic matter  BOD
(A), Dry matter orus carbon ratio (A)/COD
content (B) (B)
8.2 41%  36.7 1.12% Mitchel et al., (2015)
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Dairy
Slurry (T)

Dairy 8.1- 187-232 g/kg
manure 8.6

(M

Dairy 8.3 68.30% 0.20%  13.90 %
(manure

heap)

Dairy 5.95 0.50% 8 g/kg
slurry

Dairy 7.8 0.68

slurry (T) a/kg

- 322 -

80.6-139.8
g/kg

25.5

16.2

1.3 g/kg (B)

0.60 %

0.5 g/kg

56 g/kg

Storteboom et al.,
(2007)

Arikan et al., (2009b)

Alietal.., (2013)

Lithourgidis et al.,
(2007)
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Dairy
manure

)

Dairy
FYM (T)

Beef
FYM
bedding
mix
Cattle
FYM (T)

Solid
cattle
FYM

Beef
FYM (T)

Beef
FYM (T)

7.6 65.50 %
7240% 6.8
mg/g
6.8 45 kg/kg 9g/kg
80.40 %
38.62 %
8.8 539 g/kg 4 g/kg

17.90 %

218g/kg

12.90 %

249.3
g/kg (T)

8.20 % 20.5

31.80 %

133.1
g/kg

- 323 -

0.9% (B)

8.99 g/kg

1.9 mg/g

2.99/kg

0.075 % (B)

0.48 g/kg

1.60 %

14.2 g/kg

0.40 %

22.8 g/kg

0.40 %

1.33%

10.2 g/kg

Larkin and
Honeycutt, (2006)

Aust et al., (2008)

Arikan et al., (2007)

Whalen et al., (2000)

Ndayegamiye and
Cote, (1989)

Liuetal., 2011

Eghball, (2000)
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Cattle
FYM (T)

Cattle
slurry

Survey
(29)

Cattle
FYM

Survey
(29)

Cattle

manure

(M

Cattle
FYM (T)

7.1

7.7

8.5

7.1

7.3

8.8
a/kg

0.42
kg/m

1 kg/m

- 324 -

19 g/kg 457 g/kg

0.7kg/t (A)  2.55 kgt

35 kg/m

0.26 kg/t(A) 5.2 kglt

5.5% (B)

9.47 g/L 27.6 g/L
(A), 25.8
g/L (B)

67.35* 22.37
0.045 *
g/kg 0.14

Celik et al., (2004)

Shepherd et al.,
(2002

Shepherd et al.,
(2002

Ermawati et al.,
(2007)

Zhai et al., (2015)
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Cattle
FYM (T)

Fresh
cattle
slurry (T)

Cattle
slurry 3
months
(M
Cattle

manure
fresh (T)

Cattle
FYM
with

7.9

90.10%

94.40%

9.2

8.4 601g/kg (A)

0.60%

308.2
g/kg (T)

oC
29.7%

330.5g/kg
(TC)

- 325 -

10.7 0.02 g/kg 28.7 g/kg
(B)
3.96 g/kg
3.1g/kg
23.2 1.30 %

16.6 2.09 g/kg (B)

50.10 %

Huang et al., (2017)

Petersen et al., (2012)

Petersen et al., (2012)

Gholamhoseini et al.,
(2013)

Hao et al., (2004)
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straw

bedding

Cattle 8.1 282 g/kg?  13.4 0.99 g/kg (B) Hao et al., (2004)
FYM (TC)

with

straw

bedding

Cattle 7.9 95g/kg 34.2 g/kg 7.8 239/kg(B) 4.49/kg Velthof et al., (2005)
manure (TC)

fed

Cattle 8.4 110 g/kg 36.5 g/kg 54 4.19/kg(B) 6.8 g/kg Velthof et al., (2005)
manure (TC)
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Cattle 8 82 g/kg 28.9 g/kg 58 3.1g/kg(B) 5g/kg Velthof et al., (2005)
manure (TC)
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Appendix B: Supplementary information for Chapter 2

A 1.0 Pig slurry characteristics methodology

Fresh pig manure was adjusted to the moisture content of pig slurries (95%) using tap water,
the samples were then left to equilibrate at 23°C for 10 d. In order to assess the dissolved and
available, nutrients, carbon and metals, that are present within the slurries the samples were
centrifuged at 3,250 rpm for 2 hours and decanted. The supernatant was collected and passed
through a G/F Whatman and 1Ps filter paper, the liquid fraction was then filtered using a 20pum
GF syringe filter then a 0.45um nylon syringe filter. Nutrients (NH4-N , NO2-N and PO4) were
analysed using an auto analyser. Dissolved organic and inorganic carbon were analysed using
a Analytik Jena Multi NC2100 the calibration standards that were used were VKIWWA4A and
Cranberry-05. Samples for metal analyses were acidified to a pH 2 using nitric acid for
preservation purposes (EPA, 2008), the samples were then analysed for Co, Zn, Cd and Pb
using an ICP-OES (iCAP 7400 Radial).

A 1.1 Quality control and LC-MS/MS

In order to ensure accuracy and precision of the analysis of veterinary medicines varying steps
of quality control were utilized. This entailed using blanks (methanol and blank control) to
ensure that no carry over occurred throughout the run (> 5% of the LOQ), calibration standards
were bracketed every 25 injections, and a sample of a known concentration was analysed
throughout the sequence to check for retention time drift and sensitivity drop.
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Control Replicate
Vessel vessels

N2 Inlet

ORP pH
probe  probe

SI Figure B1: Schematic drawing of specialized incubation vessels to facilitate continuous pH and ORP
monitoring.

Sl Table B1: Summary of dosage concentrations each selected veterinary antibiotic and their associated
veterinary SPC document.

Summary of Product Compound PEC (mg/kg) Dosage

Characteristics (Spaepen, concentration
1997) (mg/kg)

Amphen Florfenicol 5.53 1

Teramin 200 Oxytetracycline 33.16 5

T.S-Sol Sulfamethoxazole 19.34 3

Pharmasin Tylosin tartrate 22.11 33
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Ceftiofur
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1.66

SI Table B2: Validated extraction recoveries for the analytes assessed using 0.1M
Na2EDTA-Mcilvaine buffer (pH 4) (50:50), the extractive efficiency of the method
is displayed in %. The method was validated to 100%, 10% and 1% of the dosage

concentration.
Recovery (%)
Dosage Ceftiofur Florfenicol Oxytetracycline Sulfamethoxazole Tylosin
1% 19.05+50.67  bdl 104.7+£5.79 91.82+20.00 60.39+11.92
10% 55.50+29.32 77.71+23.10 110.7+7.90 91.33+17.89 92.72+17.00
100% 66.62+24.25 118.65+6.60 96.20+11.3 91.82+22.84 93.36+13.35

S| Table B3: Mass spectrometer details for each analyte within the study. Obtained

using a SCIEX 5500+ quadrupole MS system.

Analyte Polarity Q1 Q3 Dwell Entrance Collision Collision Pig slurry Pig slurry
time potential cell exit energy LoD LoQ
potential (mg/kg) (mg/kg)
1253 50 10 10 83 0.05 0.073
CFT 5251 126.2 50 10 10 74
127.2 50 10 10 64
340.1 20 10 12 12 0.012 0.073
FLO 358 2411 20 10 12 24
130.2 20 10 12 69
4448 50 10 10 24 0.006 0.006
oTC 461.8 427.2 50 10 10 31
2014 50 10 10 56
156.1 50 10 10 22 0.000025 0.0006
SMX 2543 108 50 35 10 10
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92 50 10 10 37

774 50 12 12 47 0.0002 0.073
TYL + 917.8 174.8 50 12 12 55

88.3 50 12 12 230

S| Table B4: Summary of identified TPs, structures, and accurate masses.

Parent Transformation ID Proposed Chemical Structural Monoisotopic  lonization
product (tentatively structure change mass (m/z)
identified)
FLO Monochloroflorfenicol MCF -Cl 323.03942 H*
C12H1sCIFNO.S
Florfenicol oxamic FOA V i +0, -Cl, 319.05258 NH.*
acid HC, £ o ’
\ N
He PN '
C12H14FNO6S o
Florfenicol alcohol FOH v \{H +0, +Hz, - 305.07330 NH,*
ClZHlGFNOSS HBC\S/©)\§-/\F o CIZ
N
CHi2C,FNOsS  FLO_M ﬁ/k +H2+0 338.98990 H*
338 N
2\
N F
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C12H14aNO3FS FLO M OY -Cly, -O 271.06784 H*
271 Ny
A\
/5\:\0 F
Florfenicol amine FA /©/l\/ -Cl, -0, - 247.06784 H*
cl
~— 2
C10H14FNO3S O;s\\o r
CFT Deacetyl-cefotaxime ~ DCX % -Cy, -Hp, - 413.04636 Na*
C14H15Ns06S; : :w Oz, -5
Desfuroylceftiofur DCFT -C5,-H2, -  429.02353 H*
C14H15N505S3 02
TYL Tylosin B TYL B -C7, -H1, - 771.44050 H*
C39HesNO14 O
OoTC B-Apo- A-APO -Hy, -O 442.13760 H*
Oxytetracycline/A-
APO
C22H22N20s
4-epi-Oxytetracycline  4-epi- 460.14816 H*
C22H24N209 oTc
SMX C10H11N306S SMX_ Unknown +03 301.03690 H*
M_301
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C10H13N305S

C10H11N304S

CgH7N303S

CsHsN304S

CgHgN3O3S

CgH7N303S

CsHsN304S

CeHsN202S

C7HoO3NsS

SMX_
M_287

SMX_
M_269

SMX_
M_255

SMX_
M_239

SMX_
M_227

SMX_
M_225

SMX_
M_239

SMX_
M_173

SMX_
M_215

Unknown

Unknown

Unknown

Unknown

+H,

+0

+H4

-C2-H6+0

-Co-H;

-C2-H4

-C3-H6+0

-C2, -H3,

-C3, -H2,

287.05760

269.05430

255.06780

239.00010

227.03650

225.02080

239.00010

173.01467

215.03646

H+

H+

NH4*

H+

H+

NH4*

H+

Na*, H*

H+
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S| Table B5: DTso values of identified TPs found at varying pHs for non-sterile pig slurry.
DTso values were derived by plotting mass spectrometer peak areas over time.

Non-Sterile Pig Slurry

Transformation Product pH 8.5 pH 7 pH 5.5
MCF 9.22h 9.37h N/D
FLO M 338 N/D 6.4h 33h
TYL B 7.1h 13.4h 31.4h
Ceftiofur ] Florfemicol |
4 15 o
3 _é T, T .\ FT R N
S “‘%‘:ﬂhﬁxﬁ 1 %@@ $ e @
7 & e R
’H W} g
14 - 0.5
A
0 2 0
01 1 10 100 1000 0.1 1 10 100 1000
Oneytetracycline | Sulfamethoraznle |
— g
5| o 0 /ﬁ g b e $ °
¥ Eﬁ.—u-.m-..—..-.,.“_. o, E(-_ ---------------- E g r LRy Tttty _ B
= 8 <y D S e R
g| 4F o9 @4 » I A & gm
g A L M
1k &, !
8| o = -
01 1 10 100 1000 01 1 10 100 1000
Tylosin |
4
i
N 0 2.0 _
it
1
]
01 1 10 100 1000
Time (hours) |

Sl Figure B2: Hydrolysis as a function of pH for five selected veterinary antibiotics
plotted over time (X-axis logarithmic).

Key: pH85 -/\-  pH7 - pHss £
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SI Figure B3: Formation and degradation of florfenicol alcohol within three slurry pHs.
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Sl Figure B4: Formation and degradation of florfenicol amine pig slurries at varying

pHs. Plotted logarithmically with time on the x-axis and peak area on the Y.
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SI Figure B5: Formation of SMX_M_255 (ketone to alcohol transformation) within
three slurry pHs. Plotted logarithmically with time on the x-axis and peak area on

the Y.
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Sl Figure B6: Formation of SMX_M_301 within three slurry pHs. Plotted logarithmically

with time on the x-axis and peak area on the Y.
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S| Figure B7: Degradation of SMX_M_227 within three slurry pHs. Plotted
logarithmically with time on the x-axis and peak area on the Y.
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SI Figure B8: Formation of SMX_M_269 within three slurry pHs. Plotted
logarithmically with time on the x-axis and peak area on the Y.
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SI Figure B9: Degradation of APO-OTC within three slurry pHs. Plotted

logarithmically with time on the x-axis and peak area on the Y.
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S| Figure B10: Degradation of 3 Epi-OTC within three slurry pHs. Plotted

logarithmically with time on the x-axis and peak area on the Y.
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Appendix C: Supplementary information for Chapter 3

Sl Table C1: Physiochemical properties of the selected veterinary antibiotics and their
respective chemical structures.

Veterinary medicine Solubility in Log pKa Ka (mL/g) Ko (g/kg) Kr
water at Kow
20°C (mg/L)
Acetyl-salicylic acid 10000 [a] 1.19[b] 2]c]
Ceftiofur 23 [a] 1.6 [d] 2.68 [e] 19.82 [f] 845.19 [f]
Florfenicol 1320 [g] 0.37[g] 9.03 [g] 0.07-0.59 [g] 18.38 [g]
Oxytetracycline 414 [a] -1.22[h] 3.27,7.32. 680 [j] 42500 [j] 2.49-2.24
9.11 [i] [
Sulfamethoxazole 610 [a] 0.89 [i] 14,57 pH dependent 219(1]
[b] 7.62-2383.33
(k]
Tylosin 5000 [a] -341[h] 7.73 [h] 45.7-240 [h] 553-7988 [j] 2.3-7 [j]

References: a Yalkowsky, and Dannenfeslser, (2016), b Hansch et al., (1995), ¢ Papadopoulos et al, (1991), d US EPA,
(2004), e Ribeiro et al, (2018), fAn et al, (2021), g FDA, (2013), h Loke et al., (2002), I Stephens, (1956), j Rabolle and
Spliid, (2000), k Chen et al., (2017), | Nguyen Dang Giang et al., (2015).

Adsorption/desorption details: f geomean of sandy loam, loam and clay soil, g geomean of four soil types, j geomean of four

sandy soils,
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SI Figure C1: Redox potential values throughout the duration of the study. The values
presented here are the average redox potentials for the first experiment. The line
indicates dosing of the vessels. The ORP values presented do not show the entire
acclimation period.

SI Table C2: Calculated PEC manures for selected analytes and their actual dosage

concentration.
SPC Compound PEC (mg/kg) Dosage concentration (1/5™
(Spaepen, 1997) of PEC) (mg/kg)

Suispirin Acetyl-salicylic acid 6.63 1.33

Amphen Florfenicol 5.53 1

Teramin 200 Oxytetracycline 33.16 5

T.S-Sol Sulfamethoxazole 19.34 3

Pharmasin Tylosin tartrate 22.11 33

Curacef Ceftiofur 1.66 3
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SI Table C3: Validation of veterinary medicine extraction method to three dosage levels

(1%, 10% and 100%) using 0.1M Na:EDTA-Mcilvaine buffer (pH 4).

Dosage Acetylsalicylic Ceftiofur Florfenicol = Oxytetracycline Sulfamethoxazole Tylosin
acid

1% 12.47+42.33 19.05+£50.67 91.24+18.46 104.7£5.79 91.82+20 60.39+11.92

10% 38.88+14.48 55.5+29.32  77.71£23.1 110.7£7.9 91.33+17.89 92.72+17

100% 44.29+8.19 66.62+24.25 118.65+6.6 96.2+11.3 91.82+22.84 93.36+13.35

SI Table C4: Mass spectrometer details for each analyte within the study. Obtained
using a SCIEX 5500+ quadrupole MS system.

Analyte Polarity Q1 Q3 Dwell Entrance Collision Collision Pig slurry Pig slurry
Retentio time potential cell exit energy LOD LOQ
potential (mg/kg) (mg/kg)
n time
(minutes)
137 50 -10 -10 -15
ASA - 1.5-1.6 178.9 93 50 -10 -10 -46 0.0002 0.0024
59 50 -10 -10 -38
125.3 50 10 10 83 0.05 0.073
CFT + 525.1
126.2 50 10 10 74
3.0-3.1
127.2 50 10 10 64
340.1 20 10 12 12 0.012 0.073
FLO + 358
241.1 20 10 12 24
4-4.7
130.2 20 10 12 69
444.8 50 10 10 24 0.006 0.006
OTC + 461.8
427.2 50 10 10 31
2.0-2.1
201.4 50 10 10 56
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156.1 50 10 10 22 0.000025 0.0006
SMX + 254.3
108 50 35 10 10
2.3-2.6
92 50 10 10 37
774 50 12 12 47 0.0002 0.073
TYL + 917.8
174.8 50 12 12 55
3.34-3.36
88.3 50 12 12 230

S| Table C5: Summary of the sulfamethoxazole properties that were used in the

FOCUS_PEARL modelling.

Substance Molecular Water

mass (g/mol) solubility

Dissociation

constant range

Vapour Octanol-water

pressure (Pa)  partition

(mg/L) Kror Koc coefficient
(geomean) (Log Kow)
Sulfamethoxazole 358.21 1320 a Range of four soil  18.26 0.37a
types Ko 10 -27 estimated —
(18.38) a EPI suite b
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Appendix D: Supplementary materials for Chapter 4

Section D1: Pig slurry characterisation methodology.

The dissolved properties of the pig slurry were then analysed, this was achieved by centrifuging at 3,250rpm for 2h, the
supernatant was then sequentially filtered through varying filter grades; G/F Whatman, 1Ps filter paper, 20um GF syringe
and a 0.45 pm nylon syringe filter. The dissolved nutrients and carbon were then analysed using a Autoanalyser and a

Anakytik Jena Multi NC2100 (carbon).

SI Table D1: Collated physical-chemical property data for the selected veterinary

medicines.
Veterinary Florfenicol  Enrofloxacin  Lincomycin  Meloxicam  Oxytetracycline  Sulphadiazine  Trimethoprim  Tylosin
Medicine
Molar mass 358.2a 3594 a 406.5 a 351.4a 460.4 a 250.28 a 290.32a 916.1a
Solubility in water 44000 b 70 ¢ 408 d 0.022 e 195d 77d 17.52d 0.005d
mg/L (20°C)
Half-life soil  7.35f 45dg 9dh 3.62-6.22 i 1591 3k >84d 1
(20°C) (days)
Freundlich 0.94 m 0.85n 0.850 1.06 p 0.83q 1.06 r 15.94 s
isotherm (Kf)
Adsorption- Ko 122.3 Kom 397.3 Kom 90.27 15.31 Koc i Koc 148.92 32.68 koc 622 Koc 553-
desorption 7988 koc
coefficient  KOM Kom 210.36  Koc 230.99 Koc 52.36 Kom 256.14 56.21 Kom 1069 Kom v
Vke m n 0 p q r
KOC l/kg

References: a Hertfordshire, (2013); b Chem Spider; ¢ Seedher and Agarwal, (2009); d Yalkowsky; e Meloxicam Product
Description, (2017); f Qiu et al., (2021); g Chung et al., (2017); h Albero et al., (2018); i Jiménez et al., 2018; j Chen et al.,
(2014); k Kreuzig and Holtge, (2005); 1 Lin and Gan, (2011); m Ma et al.,, 2021; n Alvarez -Esmoris et al., 2020; o Wang et
al., 2012; p Kim et al., 2012; q Doretto and Rath, 2013; r Zhang et al., 2014; s Sassman et al., (2007); v Loke et al., 2002.

Type: f— sandy loam; g sandy soil; h - range of agricultural soils from Spain; i - river sediment; j - geomean of 3 unknown
soils; k - geomean of six differing soils from varying regions; I - medium loam; m - geomean of clay, sandy-loam and loam; n
- geomean of 16 soils from Spain; o - sandy clay loam, sandy loam and clay loam; p - geomean of sandy, clay, and sandy clay;
q - loamy sand; s - geomean of six soils, clay loam-sandy soils; p - geomean of silt loam and sandy loam (pH dependent); v -
Range of four soil types.
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SI Table D2: Summary the pig slurry properties that were utilized within this study,
specifically the table relates to the dissolved available fraction of the slurry.

Redox pH DOC, DIC, DC NHs', NO; POy
Potential (mV) (mg/L) (mg/L) (mg/L)

1642+101.18, 195.96+8.72, 2.39+0.49
304 715 559.78+20.76, 0.27+0.04

2201.78.£121.91

Table D3: Irrigation validation utilizing 15 cups over the boxes surface area. (See
Figure C1).

Cup Irrigator 1 Irrigator 2 Irrigator 3 Irrigator 4 Irrigator S Irrigator 6

1 37.2 42.53 40.00 36.69 38.71 44
2 45.38 47.63 47.12 43.33 45.08 31.88
3 48.57 48.02 53.37 45.38 52.16 56.79
4 42.67 45.45 41.95 37.59 41.57 45.86
5 47.11 49.05 48.05 43.23 46.75 35.99
6 47.37 49.53 53.49 44.94 54.49 53.57
7 44.59 47.6 43.58 38.06 43.85 46.73
8 48.98 49.01 49.2 44.08 47.9 39.44
9 44.43 48.32 52.66 44.49 55.36 52.26
10 47.25 47.42 43.09 40.08 45.19 51.41
11 46.95 48.04 47.42 44.55 49.31 45.55
12 45.74 46.02 48.93 44.32 54.05 51.6
13 47.32 46.65 40.72 41.48 44.04 48.22
14 46.81 45.14 44.81 45.75 49.1 49.8
15 43.57 42.14 43.13 44.98 52.03 49.59
Total 683.94 702.55 697.52 638.95 719.59 702.69
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Table D4: Total percentage difference in rainfall applied from the irrigators.

Irrigator 1 Irrigator 2 Irrigator 3 Irrigator 4 Irrigator S Irrigator 6
Box 1 2.65 1.95 6.58 4.95 2.67
Box 2 2.65 0.72 9.05 2.37 0.02
Box 3 1.95 0.72 8.40 3.07 0.74
Box 4 6.58 9.05 8.40 11.21 9.07
Box 5 4.95 2.37 3.07 11.21 2.35
Box 6 2.67 0.02 0.74 9.07 2.35

900
000
900
000
000
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Figure D1: Irrigation validation and the cups placement over the surface area of the

1 boxes used in the study.
a SCIEX 5500+ quadrupole MS system.
Analyte Q1 Q3 Dwell Entrance Collision Collision LOD LOQ
Retention time potential cell exit energy (ng/mL) (ng/mL)
potential
time
(minutes)
3423 20 6 31 25
ENR 360.1 316.3 20 6 25 25 0.000005 0.00001
245 20 8 38 25
340.1 20 10 12 12
FLO 358
241.1 20 10 12 24
447 0.00001 0.0001
130.2 20 10 12 69
3573 20 10 25 10
LNC 407.6
359.9 20 10 27 10
0.00001 0.0001
126.3 20 10 34 10
141.1 20 10 35 10
MLX 252.1
115.1 20 10 40 10
0.00001 0.005
73 20 10 80 10
444.8 50 10 10 24
OTC 461.8 0.0001 0.0005
4272 50 10 10 31
2.0-2.1
201.4 50 10 10 56
156.1 20 10 32 10
251.1 106.2 20 10 35 10 0.00001 0.00005
SDZ
92.1 20 10 35 10
2752 20 10 34 15
TMP 291.1 261.2 20 10 33 15 0.000001 0.00001
230.2 20 10 33 15
774 50 12 12 47
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SI Figure D2: Surface runoff volumes for manured soils under varying application
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SI Figure D3: Surface runoff volumes for manured pasture under varying application
techniques over three irrigation events (days).
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SI Figure D4: Leachate volumes for manured soils under varying application
techniques over three irrigation events (days).
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SI Figure DS: Leachate volumes for manured pasture under varying application
techniques over three irrigation events (days).
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SI Table D6: Bare soil runoff and leachate volumes collected throughout the irrigation
events under varying application techniques.

Soil Runoff (mL) Soil Leachate (mL)
Irrigation
Replicate event Timepoint BC CS IC BC CS IC
1 2.5 271.67  93.49 0 6.57  39.67 0
2 2.5 32936 143.62 0 108.73 2492 0
3 2.5 50.07 0.48 0 366.11 21.68 0
1 6.25 78.85 388.75 45.01 597.57 873.83 1454
2 1 6.25 52534 454.04 69.8 141.73 446.92  99.68
3 6.25 233.61 42.6 188.19 85791 829.93 581.48
1 11.25 262.85 426.34 162.54 502.57 483.06 500.2
2 11.25 93.34 515.04 17.9 59573 760.63 535.15
3 11.25 292 337.78 236.04 566.28 549.78 494.74
1 13.75 2105  93.04 59  40.04 2.81 377.09
2 13.75 85.01 21798 9296 113.67 81.86 205.35
3 13.75 73.82  16.89 13459 367.25 54936  68.52
1 17.5 17432 30549 13496 9381 137.2 391.01
2 2 17.5 82.93 39443 33.66 31458 316.86 317.8
3 17.5 20.61 156.78 576.64 877.07 857.78 328.82
1 22,5 182.16 256.81 297 168.89 351.01 247.92
2 22.5 95.67 419.73  73.15 450.23 40629  317.8
3 225 22892 11023 419.62 997.28 957.38 922.61
1 24.15 13998 154.1 2.97 6.89 9.97 247.92
2 24.15 53.07 14339 73.15 140.79 91.88 6.44
3 24.15 228.92 481 203.84 481.88 192.11  209.9
1 27915 14276  239.5  25.17 101.65  85.82 424.92
2 3 27915 12899 342.05 61.31 329.02 185.85 133.27
3 27915 193.74 143.73 279.17 878.82 87572 428.51
1 329 1729 34255 1275 21147 29637 576.19
2 329 15312 47282 56.43 512.82 260.08 268.68
3 329  127.03  62.87 229.21 902.03 890.42 880.83

Footnote: Broadcast application (BC), Chisel Sweep (CS), Incorporation (IC).
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Table D7: Pasture surface runoff and leachate volumes collected throughout the

irrigation events under varying application techniques.

Grass Leachate

Grass Runoff (mL)
Irrigation
Irrigation rate
Replicate event mm/h BC CS BC CS
1 2.50 127.59 8.05 104.89 494.23
2 2.50 46.39 86.46 219.98 318.94
3 2.50 19.96 6.328 359.43 87.54
1 6.25 304.11 139.04 545.55 123.88
2 1 6.25 155.34 108.67 676.28 477.29
3 6.25 361.54 188.03 206.85 67.69
1 11.25 4173 320.81 196.02 894.62
2 11.25 347.3 89.43 607.18 949.91
3 11.25 0.27 465.29 897.09 681.73
1 13.75 50.57 51.89 245.13 244.34
2 13.75 71.68 128.96 644.62 291.43
3 13.75 36.44 244 .98 142.27 350.69
1 17.50 170.69 169.26 256.28 462.78
2 2 17.50 172.43 300.36 353.59 472.3
3 17.50 112.19 347.80 548.50 285.93
1 22.50 109.30 159.83 457.86 292.03
2 22.50 131.20 290.29 306.37 270.70
3 22.50 162.87 558.47 957.29 495.00
1 24.15 172.97 177.85 3.15 15.42
2 24.15 124.42 67.50 4431 152.69
3 24.15 51.00 152.47 24.94 21.36
1 27.92 454.00 130.11 79.50 15.02
2 3 27.92 226.26 253.46 186.28 189.56
3 27.92 213.23 321.82 38.35 300.67
1 32.90 169.85 649.91 64.69 121.96
2 32.90 373.99 346.79 345.19 487.30
3 32.90 219.41 317.60 523.04 83.27

Footnote: Broadcast application (BC), Chisel Sweep (CS), Incorporation (IC).
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SI Table D8: The total cumulative mass of veterinary medicines transported from
manured soils into surface runoff and leachate.

Runoff (ug) Leachate (ug)
Veterinary  Irrigation
Medicine Rate (m/h) BC Cs IC BC CS IC

2.5-11.25 411.70 197.50 61.27 76.14 9.79 3.32

13.75-22.50 331.57 132.18 9.76 17.72 7.96 0.65

ENR 24.15-32.90 246.70 118.25 5.85 6.24 16.95 2.28
2.5-11.25  5541.04 2886.48 1420.33 2317.67 986.00 441.00
13.75-2250  2081.17 1232.80 1268.67 1315.67 434.01 437.23
FLO 24.15-32.90 1486.50 780.23 652.06 550.52 367.00 473.13
25-11.25  2635.00 1190.50 345.67 1390.13 498.63 69.73

13.75-22.50 626.10 770.50 232.43 553.97 180.08 49.49

LNC 24.15-32.90 450.60 511.93 111.26 183.21 177.40 75.23
25-11.25  2873.00 955.00 660.47 4194.37 1643.65 390.75

13.75-22.50 617.10 514.77 468.48 3155.65 603.62 30.52
MLX 24.15-32.90 621.30 948.70 253.75 300.85 628.39 269.71

2.5-11.25 74.77 54.02 6.32 37.71 12.13 5.08

13.75-22.50 70.02 37.95 0.33 8.42 3.56 0.18

oTC 24.15-32.90 71.65 35.13 0.16 3.79 5.71 0.88
2.5-11.25 1489.33 997.67 769.63 1297.13 491.87 149.90
13.75-22.50 565.37 740.00 518.40 539.20 297.25 421.53

SDZ 24.15-32.90 360.80 373.20 167.89 175.56 238.40 175.37

2.5-11.25 531.13 213.92 81.40 633.90 141.00 48.76

13.75-22.50 362.10 164.55 34.01 195.86 62.57 4.29

TMP 24.15-32.90 197.79 100.50 8.57 59.39 102.98 21.47
2.5-11.25 11560.00  29165.00 4.35 26979.00  2490.50 3847.50

13.75-22.50  7518.00 4069.50 0.92 2644.60 643.10 37.80

TYL 24.15-32.90  3229.50 1798.35 0.00 382.75 322.88 77.55

Footnote: Broadcast application (BC), Chisel Sweep (CS), Incorporation (IC). Enrofloxacin (ENR),
Sflorfenicol (FLO), lincomycin (LNC), meloxicam (MLX), oxytetracycline (OTC), sulfadiazine (SDZ),
tylosin (TYL), trimethoprim (TMP).
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SI Table D9: The total cumulative mass of veterinary medicines transported from
manured pasture into surface runoff and leachate.

Runoff (ug) Leachate (ug)
Veterinary Irrigation Rate
Medicine (mm/hr) BC CS BC CS
2.5-11.25 74.40 46.66 44.30 10.72
13.75-22.50 82.80 84.63 27.78 25.49
ENR 24.15-32.90 44.20 58.11 0.70 7.66
2.5-11.25 1152.67 1029.00 653.08 375.78
13.75-22.50 1160.00 1216.67 295.67 348.23
FLO 24.15-32.90 662.00 597.67 114.06 100.09
2.5-11.25 627.00 687.33 176.82 82.75
13.75-22.50 551.93 594.67 66.23 93.09
LNC 24.15-32.90 315.53 305.33 20.72 25.84
2.5-11.25 287.55 140.73 244.67 40.92
13.75-22.50 694.73 2206.60 145.45 85.37
MLX 24.15-32.90 613.17 377.54 17.67 21.65
2.5-11.25 129.89 127.31 84.72 52.18
13.75-22.50 82.00 93.70 28.70 24.08
oTC 24.15-32.90 48.17 55.48 1.35 4.97
2.5-11.25 132.76 79.70 113.82 64.95
13.75-22.50 55.43 39.38 28.66 35.71
SDzZ 24.15-32.90 11.85 10.06 11.85 10.06
2.5-11.25 82.43 57.51 16.81 3.31
13.75-22.50 91.17 121.57 12.04 15.71
TMP 24.15-32.90 54.20 74.17 0.23 2.74
2.5-11.25 5650.00 3627.33 2244.83 1291.00
13.75-22.50 4907.67 2904.33 1251.00 1353.33
TYL 24.15-32.90 1819.67 1600.67 926.67 963.67

Footnote: Broadcast application (BC), Chisel Sweep (CS), Incorporation (IC). Enrofloxacin (ENR),
florfenicol (FLO), lincomycin (LNC), meloxicam (MLX), oxytetracycline (OTC), sulfadiazine (SDZ),
tylosin (TYL), trimethoprim (TMP).
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SI Table D10: The percentage difference between veterinary medicine mass loads
between manure application treatments on bare soils and grasses and their
statistical significance (p value) calculated via an analysis of variance (three-way).

Veterinary Medicine

Treatments Parameter ENR FLO LNC MLX OTC SDZ TMP TYL

Begc  Percentage 92% 60% 82%  66% 97% 40% 89% 87%

p value 9.90E-08 8.10E-07 9.90E-09  0.016 9.9E-08 _ 0.097 1.05E-05 0.00102

];i:f BC.cg  Percentage 55% 48% 37%  41% 41% 13% 56% 29%
runoff p value 1.07E-07 1.60E-05  7.30E-06 _ 0.107 3.40E-05  0.465 0.51  0.00688
cs.qc  Percentage 83% 24% 2%  43% 95% 31% 74% 91%

p value 0.00035 0.59 7.00E-07  0.709 3.30E-05  0.628 0.000044 0.00014

Begc  Percentage 94% 70% 91%  91% 88% 66% 92% 87%

p value 4.00E-05 1.20E-07 _ 0.00001 0.0078  0.00011 0.00027 0.714  0.00273

];‘(‘;f BC.cs  Percentage 65% 60% 63%  62% 57% 49% 67% 88%
leachate p value 0.00068 4.70E-07  0.0003 0.0074  0.00135  0.126 0.846  0.00261
csqc  Percentage 17% 24% 24%  24% 29% 34% 24% 13%

p value 0.0l 0.0074  0.0046 0.0099  0.00552 0.77 0.97  0.0099

Grass BC.cs  Percentage 15% 2% 8%  25% 72% 12% 14% 8%
runoff p value 0.76 0.12 032 052 0.56 0.77 0.79 0.10
Grass BC.cs  Percentage 37% 27% 23%  61% 44% 28% 26% 97%
leachate p value 0.13 0.06 020  0.08 0.02 0.10 0.19 0.01

Footnote: Broadcast application (BC), Chisel Sweep (CS), Incorporation (IC). Enrofloxacin (ENR),
florfenicol (FLO), lincomycin (LNC), meloxicam (MLX), oxytetracycline (OTC), sulfadiazine (SDZ),
tylosin (TYL), trimethoprim (TMP).
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SI Table E1: Mass spectrometer details for each analyte within the study. Obtained
using a SCIEX 5500+ quadrupole MS system.
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Appendix E: Supplementary materials for Chapter 5

Analyte Retention Q1 Q3 Dwell time Entrance Collision cell Collision
time potential exit potential energy
(minutes)
227.3 10 150 30
AZA 2.5-2.6 311.3 165.2 20 10 150 91
115.1 10 150 117
165.2 10 120 32
ALT 2.1-2.2 328.5 123.1 20 10 120 60
121.1 10 120 30
125.3 50 10 10 83
CFT 2.22-2.43 525.1 126.2 50 10 10 74
127.2 50 10 10 64
3423 20 6 31 25
ENR 2.71-2.75 360.1 316.3 20 6 25 25
245 20 8 38 25
340.1 20 10 12 12
FLO 358
241.1 20 10 12 24
4-4.7
130.2 20 10 12 69
357.3 20 10 25 10
LNC 407.6
359.9 20 10 27 10
2.51-2.57
126.3 20 10 34 10
141.1 20 10 35 10
MLX 252.1
115.1 20 10 40 10
3.91-3.95
73 20 10 80 10
444.8 50 10 10 24
OTC 461.8
427.2 50 10 10 31
2.0-2.1
201.4 50 10 10 56
251.1 156.1 20 10 32 10
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SDz 106.2 20 10 35 10
2.26-2.33
92.1 20 10 35 10
275.2 20 10 34 15
4.2-4.35
T™MP 291.1 261.2 20 10 33 15
230.2 20 10 33 15

Si Table E2: Summary of LOQs and LODs for the compounds detected in this study

Pig slurry Soil Groundwater

LO LOD LO LOD LO LOD

Compound (ug/(ig) (ug/kg) (ug/(ig) (ug/ml) (ug/?nl) (ug/ml)
Sulfadiazine 001 005 025 001 00001 0.0001
Lincomycin 001 005 001 0005 00001l 0.000001
Trimethoprim  0.005  0.0001 0.01 0.005  0.0001 0.000001
Oxytetracycline 1 0.05 0.01 0.005 0.0001  0.000001

SI Table E3: Pig slurry extraction validation to three concentration levels.

Analyte 1.75 mg/kg RSD 1 mg/kg RSD 0.1 mg/kg RSD

Azaperone 6.88 39.86 7.39 9.75 4.06 71.11
Altrenogest 26.22 26.27 35.99 12.26 35.52 23.46
Ceftiofur 82.73 6.19 79.69 7.15 76.85 19.47
Enrofloxacin 18.63 36.26 17.63 12.74 10.73 25.34
Meloxicam 38.10 6.72 39.47 10.45 33.56 37.52
Oxytetracycline 77.18 4.88 83.94 4.71 84.19 11.67
Florfenicol 81.27 8.72 85.48 6.83 82.21 13.49
Lincomycin 89.37 2.01 95.85 3.26 90.04 14.26
Sulfadiazine 100.52 3.09 70.96 2.16 94.83 9.86
Trimethoprim 59.37 7.58 94.35 1.01 84.79 3.75

Footnote: RSD = relative standard deviation (n=5).
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SI Table E4: Validation of soil extraction method to three concentrations for both a clay

and a sandy soil.

Clay soil Sandy soil
0.5 0.05 0.005 0.5 0.05 0.005

Analyte mg/kg RSD mg/kg RSD mg/kg RSD mg/kg RSD mg/kg RSD mg/kg RSD
Azaperone 0.87 0.72 8.72 1.27 bdl 41.74 638  33.50 10.84 67.16 2435
Altrenogest 99.89 8.55 93.56 434 106.62  13.40 87.91 516 9833 8.57 92.75 498
Ceftiofur 74.79 8.49 66.12 13.04 bdl 89.74 14.63 10256  5.92 bdl
Enrofloxacin 2.02 0.59 2.29 7.93 bdl 322 6.46 2.11 20.01 bdl
Meloxicam 96.35 10.47 85.80 11.81 110.81  9.46 10185  7.02 7173 45.61 10425 595
Oxytetracycline  31.13 0.45 27.66 0.2 28.98 2.12 103.4 8.17  78.72 6.49 10143 538
Florfenicol 84.37 9.34 10599  9.94 99.84 5.19 84.39 941  106.16  10.14 105.84  17.80
Lincomycin 45.07 3.03 46.10 238 50.84 6.38 10224 461 10504  4.54 10694  7.95
Sulfadiazine 95.86 10.52 97.42 2.63 85.37 1.14 79.04 579  99.82 4.82 10926  6.08
Trimethoprim 13.24 91.37 21.81 1.79 27.62 6.08 39.60 3.98 4038 427 37.67 420

Footnote: RSD = relative standard deviation (n=5). bdl = Below Detectable Limits

Sl Table E5: Groundwater SPE validation to three concentration levels.

Analyte 20 ng/L RSD% 10 ng/L RSD% 1ng/L RSD%

Azaperone 9.39 28.85 20.50 36.02 20.50 36.02

Altrenogest 77.27 3.92 bdl bdl

Ceftiofur 106.76 7.07 97.75 12.76 85.40 21.52

Enrofloxacin 37.82 12.10 14.67 4.30 77.12 22.25

Meloxicam 105.90 17.46 108.19 32.79 60.61 11.23

Oxytetracycyline 96.06 7.99 129.01 22.45 70.54 3.95

Florfenicol 96.40 7.45 96.41 11.69 100.23 5.54

Lincomycin 100.02 10.68 101.10 7.46 105.75 3.09

Ssulfadiazine 80.35 5.56 71.23 473 79.88 3.29

Trimethoprim 101.52 5.76 78.94 6.04 110.17 5.64

Footnote: RSD = relative standard deviation (n=5). bdl = Below detectable limits.
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SI Table E6: Summary of the manure degradation data used to derive the PECsoil

refined.
Veterinary medicine Structure Pig slurry DTso
(days)
Lincomycin 100 Loftin, (2006)
Oxytetracycline 79 (Blackwell et al.,
2005)
Sulfadiazine Y 20 (Lamshoft et al.,
~. >
o= 2010)
Trimethoprim g 76.78 Wu et al.,
e (2012)
~ Az
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